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vABSTRACT
Winterkill, in putting greens and fairways of annual bluegrass (Poa annua L.) and
creeping bentgrass (Agrostis stolonifera L.), is a common phenomenon in North-Central
Region of United States and in other temperate areas. Extensive research in controlled
environments has evaluated injury mechanisms in creeping bentgrass and annual
bluegrass. A large number of studies have evaluated winter injury in other turfgrass
species and in cereal grasses. Most agree that damages can be explained by factors such
as intracellular and extracellular ice formation, cellular dehydration and hydration, plant
desiccation, macro scale tissue and organ rupture, diseases, anoxia, cellular acidosis,
oxidative stress and retarded growth. Despite the vast amount of information generated
during several decades of research, winterkill in creeping bentgrass and annual bluegrass
is a problem that still leaves golf course superintendent with many unanswered questions.
It is proposed that, to minimize winterkill, it is necessary to understand the high
complexity of the system at field level and not only in controlled environments.
The purpose of this research was to quantify the relative injury on putting greens
as it relates to snow cover, ice formation, desiccation, crown hydration, and freeze/thaw
cycles. Our approach was to evaluate the relative amount of injury that is associated with
various scenarios of winter, instead of focusing solely on the mechanisms that cause the
injury. Also, it is of interest to determine not only what condition causes the most winter
injury, but when during the season does damage occur and if it is worth the expense or
effort to try and minimize the injury by taking action.
This study was conducted at the Iowa State University (ISU) Horticulture
Research Center and at ISU Veenker Memorial golf course, both in Ames Iowa. The
species evaluated were creeping bentgrass (Agrostis stolonifera L) and annual bluegrass
(Poa annua L). Ten possible winter scenarios; dry/open, wet, ice continuous, snow
continuous, impermeable artificial cover and ice continuous, ice removal, ice/melt
freeze, snow removal/melt freeze, an artificial permeable turf cover, and artificial
permeable turf cover with snow, were created on two Iowa putting greens in January,
February and March of 2003, 2004, and 2005. Dry weight yield produced by samples
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collected in the field and grown on controlled chambers was used to indicate the amount
of winter injury. Hourly temperatures were registered through the length of the study.
Growing degree days (GDD) and stress degree days (SDD) were calculated with
temperature data.
Creeping bentgrass was not killed under any treatment. Continuous ice cover of
66 days caused creeping bentgrass bleaching but never resulted in any turf kill or decline
in creeping bentgrass cover. Annual bluegrass was susceptible to winter injury when
exposed to ice encasement. Damages by ice formation occurred during the first 15 days
after encasement. The formation and type of ice is more important than the duration of
ice cover in predicting annual bluegrass winter injury when ice is present. In both
species, the treatments that offered a better visual quality at the end of the winter period
were those that had a better protection such as impermeable-ice, permeable-snow, and
snow treatments. However, the visual results did not necessarily mirror on those results
of biomass production.
In regard to temperatures and insulation characteristics of winter practices, greens
without any protective layer suffer almost twice the amount of stress degrees that snow
covered plots. As accumulative units, SDD 0°C had larger mean separation than any of
the temperature variables; as such it was a better descriptor of intensity or risk of damage
than temperatures alone. In the north central region of the United States, the use of
artificial covers combined with snow blankets provided the best insulation and therefore
the best condition for turf survival and early spring turf quality.
Key words: winterkill, annual bluegrass, creeping bentgrass, ice, temperature, stress
degree days
1CHAPTER 1. GENERAL INTRODUCTION
INTRODUCTION
Some level of winter injury occurs every year to putting greens and fairways of
annual bluegrass (Poa annua L.) and creeping bentgrass (Agrostis stolonifera L.) in Iowa
and golf courses north of the transition zone. Golf courses with large populations of
annual bluegrass have lost up to 90% of the population in one single winter (Skoroulski
2002).
When turf loss is substantial, the Golf Course Superintendent is faced with
explaining why the grass died, and in many cases why it died on their particular course
and not on other courses near by. Those that make it through the winter with no injury
gain faith that their management strategy is working and those that experience winterkill
are left in disbelief as to why this particular winter has caused them to lose grass when it
has not happened in the past.
Winter injury, being a common and recurrent problem in temperate climates, has
prompted extensive research since 1940 (Beard and Olien, 1963). Despite the vast
amount of information generated during several decades of research, winterkill in
creeping bentgrass and annual bluegrass is a problem that still leaves golf course
superintendent with many unanswered questions.
Reasons for this are three fold. One, most of the research to date evaluated a
single causal agent of winter injury in controlled environments and weighted the relative
importance of this factor to others in contributing to winterkill in turfgrasses. Factors,
such as direct low temperature, desiccation, reduced light, anoxia, and soil heaving, are
considered responsible for winterkill (Beard, 1973). Two, in reality none of the factors
studied affect turfgrasses independently. Their effects are combined and they can be
additive or antagonistic (Freyman and Brink, 1967). And, as expressed by Guy (2003),
complexities that are caused by a single stress factor in the laboratory could be increased
several times in a natural environment, and that is unpredictable. Three, scarce field
evaluations are intended to solve a regional problem (Tompkins et al., 2004) and because
2the stress factor is extremely dependant of the climatic conditions results can not be
entirely applied to other areas.
Causal agents of winter injury mentioned above have been studied in separate
approaches and their effects can be split into specific damaging mechanisms of the turf
physiology. Direct damages are physical changes induced by low temperature occurring
at a fast rate (membrane and tissue ruptures by ice formation). Indirect damages occur at
slow rate; they are usually caused by physiological responses of the plant as it tries to
adapt to the new environment (i.e. cellular dehydration, extenuation of energetic reserves
and acidosis). Particularly for turfgrass species, the ultimate point of surviving winter
and freezing temperatures in general resides in the health of the turf crown as the
regeneration point for new spring growth (Singh et al., 1987).
Annual bluegrass and creeping bentgrass are defined as cool season grasses
because of their ecological niche. They can cope with above freezing temperatures for
extended periods of time without damaging results; however both species show variations
in their ability to survive in environments below 0°C. Creeping bentgrass is considered
among the cold hardiest species based on a general field hardiness rating of 20 turfgrasses
(Beard 1973; Gusta et al., 1980). Annual bluegrass is among the least freeze tolerant of
the cool-season species (Beard, 1964). According to the definition of chill and freeze
sensitive species (Beck et al., 2004), creeping bentgrass is a chill and freeze tolerant
species when fully acclimated. Annual bluegrass is chill tolerant and moderately freeze
sensitive even at maximum acclimation. In the North Central Region of United Sates
(NCR), highest freeze tolerance of both species occurs in the months of December and
January and decreases slowly during the winter season (Tompkins et al., 2000).
In 2001, Iowa experienced 90 days of continuous snow cover. Those
superintendents who had applied snow mold treatments were anticipating minimal turf
injury because of the protective blanket of snow. Instead, it was one of the worst years
for non-disease winter injury to putting greens. Some courses had no injury while others
lost complete greens. This late event manifested the uncertainty that is associated with
winter protection practices as well as the expected level of winter injury. Although the
mechanisms that cause winter injury in turf have been extensively studied, it became
3evident that there was a need for a formal field assessment of winterkill associated with
various winter scenarios prevalent in the NCR. This 3 year research was designed to
provide Golf Course Superintendents with a more realistic strategy, involving
management techniques that they can control to decrease the risk of winter injury of
creeping bentgrass and annual bluegrass. Information obtained here will be related to
previous research results from controlled environments, to provide a better perspective of
what is happening under field conditions.
LITERATURE REVIEW
The focus of this literature review is to provide a frame of reference to understand
all possible sources of winter injury in golf course greens. Conditions that favor freezing
stress will be described along with specific information that attains creeping bentgrass
and annual bluegrass.
Golf course greens in the North Central Region of United States are composed
primarily of creeping bentgrass and annual bluegrass at a lesser degree. High budget
courses will tend to maintain a clean population of creeping bentgrass, but keeping
annual bluegrass out of a green for several years is a near impossible task. Low budget
facilities have learned to deal with annual bluegrass, because the high similarity between
creeping bentgrass and annual bluegrass makes chemical or mechanical selection
extremely expensive (Zontek, 1973).
Creeping bentgrass is a stoloniferus grass. It requires intensive management and
resists a mowing height of 3 mm (ideal for golf course greens). It is also known for high
tolerance to cold temperatures (Christians, 2004). This species has been selected and
improved for commercial use, focusing in specific tolerance to various stresses, including
drought, heat and freeze tolerance (NTEP, 2003). Golf courses employ cultivars adapted
for a particular management and their climatic conditions. When a particular agronomic
problem arises, it can be managed by switching to improved cultivars. The vegetative
reproduction of creeping bentgrass promotes low genetic variation within a putting green
(Turgeon, 2002). In contrast, annual bluegrass has a diverse plant population as the result
4of sexual reproduction by seed. Its ecology and ubiquitous location has promoted a large
number of biotypes with an equal high number of stress tolerances (Lush, 1988). In a
broad perspective, annual bluegrass is less stress tolerant than other turf species (Lush,
1988), but its ability to populate an area from seed makes it a very resilient species (Huff,
1999).
Annual bluegrass biotypes range from truly annual (Poa annua var. annua) to
completely perennial biotypes (Poa annua var. reptans) (Johnson and White, 1997b).
However, is extremely rare to find significant populations of true annual types throughout
the USA (Johnson and White, 1997 a). The highly recombinant ecology of this species
makes it nearly impossible to define the biotype present in a particular golf course green,
unless this has been seeded intentionally and very recently. A permanent influx of genetic
material will rapidly change the composition of an established population of annual
bluegrass (Lush, 1988).
Acclimation to Cold Temperatures in Turfgrass Species
The optimum temperature ranges for growth of cool-season turfgrasses are 15 to
24°C for shoot growth and 10 to 18°C for root growth (Beard, 1973; Huang and Gao,
2000). The induction of cold acclimation and freeze tolerance is associated with
reduction of the photoperiod and exposure to temperatures in the range of 0 to 12°C
(Limin and Fowler, 1985; Guy, 2003). However, there is not a set temperature that
guarantees induction of cold acclimation. Also, variations in the degree of acclimation
can occur in different years, as reported in species of the grass genus Lolium (Gay and
Eagles, 1991).
Hardening and Dehardening
Low temperatures induce cold acclimation in all plant tissues. At low mowing
heights, soil temperature is critical during cold acclimation and often determines the
hardiness level. (Tompkins et al, 2000). Turfgrass acclimate to cold and freezing
conditions by increasing stress tolerances, including tolerance of freezing, icing, flooding,
desiccation and diseases (McKersie and Hunt, 1987).
5The mechanism of induction of cold tolerance is not completely understood (Guy,
2003). It is clear that freezing tolerance is not likely due to a single trait. Instead, it is a
combination of tolerances to multiple freezing stresses (McKersie and Hunt, 1987).
There is no evidence that indicates a particular site of induction for cold
acclimation in grasses. Some authors believe that cold causes a reduced water uptake by
roots which reduces moisture content throughout the upper plant parts and this may be an
early signal to induce the acclimation process (Limin and Fowler, 1985). Cold tolerance
has been highly associated with drought tolerance (Guy, 2003). The reduction in water
content may trigger some genes that are for both drought and freeze tolerance. In wheat
there is evidence that reduced moisture content enhances the actual level of cold
hardiness achieved in the tissue (Limin and Fowler, 1985).
The maximum freeze tolerance also requires a period of exposure to below
freezing temperatures. In annual bluegrass, exposure to both low nonfreezing and non-
lethal subfreezing temperature markedly increase the freezing tolerance (Dionne et al.,
2001b).
Many environmental factors influence the level of cold hardiness during this cold
hardening period (Limin and Fowler, 1985). As mentioned above, plant water content
influences cold hardening. Additional factors that influence hardening include, nutritional
levels (Christians 2004), light intensity (Limin and Fowler 1985), developmental stage of
the plants (Fowler and Gusta, 1977), duration and cycling of the cold temperatures
(Johnson and White, 1977a). Creeping bentgrass cultivars with earlier fall dormancy have
greater resistance to frost injury in spring (Cattani et al., 2000).
The great diversity of ecotypes of annual bluegrass is also evident in the variation
in vernalization along with photoperiod requirements. (Johnson and White, 1977 a).
Some ecotypes of annual bluegrass required temperatures for vernalization ranging from
4°C to 8°C with consequent variation in the degree of acclimation obtained. It has been
postulated that the different degrees of adaptation that annual bluegrass has to cold
environment influence its growth habit from annual to perennial and further promotes the
diversity observed (Johnson and White, 1977a).
6Cold hardiness variation in grass has a temporal component. In Iowa, cold
acclimation coincides with the shortest day length and occurs in early January. High level
of hardiness can be maintained for several months provided temperatures remain below
freezing. (Limin and Fowler, 1985). Cold hardiness can be lost once temperatures climb
above freezing for an extended period (Limin and Fowler, 1985; Gay and Eagles 1991).
Similarly alternate freezing and thawing or prolonged exposure to near lethal
temperatures will reduce the cold hardiness potential (Limin and Fowler, 1985).
After cold hardiness declines, grasses can harden again, albeit with less intensity
than the first acclimation (Tompkins et al., 2000). The loss of cold hardiness occurs at
differential rates between creeping bentgrass and annual bluegrass. Tompkins et al.,
(2000) indicate that during late March and early April creeping bentgrass had better cold
hardiness than annual bluegrass, but in late April the difference between species
disappeared.
Dehardening in the spring occurs faster than hardening in the fall (Gay and
Eagles, 1991). Cold hardiness of Kentucky bluegrass can be lost at the same
temperatures in the spring, 5°C day and 2°C night for 14 days, that result in cold
acclimation in the fall (Gusta et al., 1980). As in the case of acclimation, loss of cold and
freeze tolerance can vary from year to year (Tompkins et al., 2000). Annual bluegrass
and creeping bentgrass are known to break dormancy above 5 to 8°C (Ross, 2003).
In general, creeping bentgrass will be more tolerant to winter conditions than
annual bluegrass. Tompkins et al. (2000) reported only a slightly higher tolerance to
freeze injury in annual bluegrass than creeping bentgrass in lethal temperature studies at
the end of the dehardening period.
Cold Tolerance
Freezing tolerance in higher plants likely arose from drought tolerance in tropical
plants that were exposed to colder climates (Guy, 2003). This may explain why many
genes responsive to cold stress are also responsive to drought and other osmotic stresses.
It has been proven that artificial desiccation, without exposure to cold temperatures,
induces cold hardiness in both woody plants and cereals (Siminovich and Cloutier, 1982).
7A large component of freezing tolerance is decreasing the risk of forming
intracellular ice by increasing osmotic potential and the concentration of solutes. Solute
concentration can occur by decreasing the total water content of the plant (Brule-Babel
and Fowler, 1989), compartmentalization or by increasing the total amount of soluble
sugars, amino acids and proteins (Dionne et al., 2001a). Cold hardiness in turfgrasses has
been correlated with moisture content of the crown (Gao et al., 1983; Brule-Babel &
Flowler 1989).
Several studies in annual bluegrass and creeping bentgrass have found a decrease
in crown water content during the acclimation period (Tompkins et al., 2000). But same
studies indicated that final crown moisture is not necessarily an indicator of the degree of
freeze tolerance; crown moisture variations can occur yearly within the same species
(Tompkins et al., 2000). Similar conclusions were found in winter cereals where changes
in moisture do not necessarily alter cold hardiness (Gao et al., 1983). In a study
evaluating ecotypes of annual bluegrass, the ecotype ‘CR’ showed lower levels of
freezing tolerance and higher soluble carbohydrate content than the other two ecotypes
‘OK’ and ‘CO’ (Dionne et al., 2001 b).
Additionally to changes in the concentration of solutes, plants decrease the risk of
intracellular ice by water efflux. When plant tissues are subjected to subfreezing
temperatures, ice initially forms in the extracellular spaces where the water contains less
dissolved substances and freezes at a higher temperature (Sukumaran and Weiser, 1972).
By potential gradients, water is extracted from intracellular spaces which raises the
osmotic potential and decreases the freezing point. This reduction in intracellular water
implies a decrease in extracellular solute concentration. Therefore, grasses that can avoid
intracellular ice have to tolerate extracellular freezing, cellular dehydration, and partial
cellular collapse in order for plant survival (Guy, 2003).
The water flux has to reach equilibrium or the plant will not survive. The speed of
extracellular freezing, and the difference in internal and external water potentials should
not exceed the ability of moving water through the membranes (Guy, 2003); therefore the
speed of temperature decline should be moderated or the plants will not be able to adapt.
8Regulatory Mechanisms
The diverse responses and levels of acclimation obtained by plants exposed to low
temperatures indicate a great number of mechanisms and regulatory components (Xin
and Browse, 2000). Many authors agreed that ABA is part of the regulatory pathway,
providing more evidence on the relationship between drought and cold tolerance
(Allagulova et al., 2003). Some researchers believe that cold tolerance is regulated by a
primary gene, CBF/DRBEB1, which influences the production of several protective
proteins (Guy 2003). COR (cold regulated) proteins and AFP (anti freeze) proteins have
been found to protect particular sections of cell membranes under freezing conditions
(Xin and Browse, 2000). AFPs are particularly important when risk of ice formation is
high (Bravo, 2005). AFPs are help control the ice formation rate or inhibit
recrystillization (Kuiper et al., 2001; Pearce, 2001). Dehydrins, proteins usually
associated with water stress are also related to cold and freeze tolerance (Campbell and
Close, 1997).
Specific information in regulatory networks is not available for turfgrass species,
but several studies are currently being carried out particularly for annual bluegrass (Huff,
2006). There is an ongoing effort at Pennsylvania State University to develop uniform
cultivars of greens-type annual bluegrass for commercial purposes (Huff, 2006).
Few studies provide information about changes in the concentration of
carbohydrates and amino acids for annual bluegrass. Freeze tolerance correlates with
accumulations of carbohydrate but no with amino acids (Dionne et al., 2001a,b).
Part of the difficulty obtaining meaningful results of regulatory networks under
cold temperatures is the reduced biological activity. It has been proposed that because
freezing tolerance occurs in periods associated with dormancy, not only up-regulation of
genes should be evaluated but also down-regulated ones (Guy, 2003). At the molecular
level, intracellular freezing injury is not completely understood nor are the mechanisms
to tolerate it (Guy, 2003).
9Membrane Fluidity
Under cold temperatures, fatty acids in cell membranes that normally move and
slide against each other at normal temperatures, start to aggregate and pack among
themselves This process decreases the overall fluidity of the cell membrane and a state
of gel is initiated. Under these conditions a lateral phase separation of membrane lipids
could occur (Xin and Browse, 2000). The plasma membrane thus becomes permeable to
water and solutes. These released ions cause disruption in processes like water transport,
osmotic adjustment and enzyme activities which promotes further membrane destruction
and increased cellular damage.
In grasses, the extent of modification of the membrane to reduce risk of ruptures
is not clear. Some studies in warm season grasses have found an increase in the
unsaturation of fatty acids when exposed to cold temperatures (Baird et al., 1998; Shang
et al., 2006).
Other types of membrane modifications also confer ability to survive winter
conditions. Cells dehydrated by extracellular ice for an extended period, reduce their total
surface area. When extracellular ice thaws, the low water potential promotes water influx
in the cell. The required expansion in volume has to be accommodated or the cell bursts.
Freeze tolerant plants avoid expansion-induced lysis by the formation of exocytotic
membrane extrusions that are incorporated into the plasma membrane of the expanding
cell during thawing (Guy, 2003). No evidence of such tolerant mechanisms is available
for annual bluegrass or creeping bentgrass.
In wheat, passive efflux of amino acids following mild freezing stress supports
the view that changes in membrane properties are an early manifestation of injury (Gao et
al., 1983). Protection of cell membranes against freeze-dehydration-induced damage is
an important factor in freezing tolerance (Pearce, 2001).
Freeze Injury
Under freezing temperatures, turf species can suffer direct (fast) or indirect (slow)
damage. Direct damage may be related to the formation of ice crystals inside the cells
that rupture membranes and cause electrolyte leakage; this is instantaneously lethal (Guy,
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2003). However, due to the higher concentration of solutes inside the acclimated cell, it is
likely that ice formation and its consequent membrane rupture would only happen after
several others processes have occurred elsewhere and at very low temperatures
(Sukumaran and Weiser, 1972). Indirect damages usually are a conglomerate of injuries
that will be explained below.
Ice Formation
Internal ice in plants is by nature damaging. Ice lattices may penetrate cell wall
and cell membranes to an extent that is irreparable by normal cell processes (Andrews
1996). In plants under natural conditions, freezing only occurs in a very small part of the
total leaf water, about 0.4% in barley (Pearce and Fuller, 2001). That seems to be the case
also in annual bluegrass and creeping bentgrass (Stier et al., 2003).
Although it is a common notion that freezing occurs at 0°C, a small pure volume
of water without an ice nucleation point can remain liquid until -38.5°C (Franks, 1985;
Pearce, 2001). When a liquid does not turn into a solid under typical solidification
temperatures, it is termed supercooled.
Ion concentration (osmotic potential) also plays an important role in defining the
freezing point of a solution. Solutions with high osmotic potential have lower freezing
points. In plants, osmotic potential is lower in roots and vascular systems, it is medium in
extracellular spaces in shoots and it is high in meristematic and leaf cells (Sukumaran and
Weiser, 1972). The highest osmotic potential in acclimated plants of annual bluegrass
and creeping bentgrass occur in the turf crown (Stier et al., 2003)
As mentioned before the lack of a nucleation point can retard or lower the
appearance of ice. Barriers to nucleation are mechanisms of tolerance as well. Plasma
membrane reduce the risk of external ice functioning as a nucleation point for
intracellular ice; other barriers that slow the spread of freezing also occur at nodes and in
the crowns of cereals and beans (Pearce, 2001).
Ice formation in creeping bentgrass and annual bluegrass is not completely
understood, nor occurs the same way all the time (Stier et al., 2003). There are several
factors that influence the speed, location and intensity of the ice formed. Ashworth et al.
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(1985) indicate that the formation of ice and the location in the plant where it forms can
be affected by factors such as: presence of nucleation bacteria, tissue rupture, leaf
wetness, and length of the subzero temperatures.
After 90 days of exposure at -4°C, Beard (1964) found that in annual bluegrass
severe disruption and injury to cells in the vicinity of the xylem vessels resulted from ice
crystal formation. It was also evident the disruption of tissue organization accompanied
by destruction of protoplast in roots and especially the crown tissue followed intracellular
ice crystal formation.
Ice formation is not necessarily lethal. If freezing occurs at a slow rate, large ice
masses can be accommodated with little damage to the plant (Andrews, 1996; Ashworth
et al., 1998; Guy 2003). Although organs can be damaged, it is usually only partial and
recovery in spring is possible (Pearce, 2001). Creeping bentgrass exposed to -1°C in ice
encasement had a survival rate of 96% after 14 days (Gudleifsson et al., 1986).
Plants can also utilize supercooling to avoid freezing damage and dehydration
(Lindstrom and Carter, 1985). This is achieved by avoiding ice nucleation (Guy 2003).
However supercooling is relatively dangerous. If the cytoplasmatic solution is largely
displaced from equilibrium, the supercooled protoplasts may become nucleated either
spontaneously or by an introduction of an ice nucleator resulting in intracellular freezing
(Pearce, 2001). Common nucleators are ice nucleation bacteria, organic and inorganic
debris or other biological molecules and structures (Pearce, 2001). Chemical products
have been used in turfgrasses to create artifactual supercooling, such is the case of an
inhibitor of ice nucleating bacteria in tall fescues (Hare, 1995). An ice crystal can also act
as a nucleator, usually promoting recrystallization. Recrystallization occurs in nature
frequently and is favored by extended period under freezing temperatures (Kuiper et al.,
2001). Plant AFPs are potent inhibitors of recrystallization (Pearce, 2001; Kuiper et al.,
2001). Currently, there are no confirmed cases of AFPs in either annual bluegrass or
creeping bentgrass.
Because recrystalization seems to be dependant on duration under freezing
temperatures, freezing time is considered a factor affecting the overall survival of
turfgrasses. However, field experience indicates the presence of ice is not always a good
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indicator for predicting winter injury (Skoroulski, 2002). Non-cereal grasses may have
additional mechanisms that provide long term protection as it is known that ice tolerance
of non-cereal grasses is greater than that of cereal grasses (Gudleifsson et al., 1986).
Cellular Dehydration
It is likely that a large percentage of injuries observed in golf course greens in
Iowa and the North Central Region is indirect to cold temperatures and partially defined
by previous ice formation. When ice forms, the water vapor pressure outside the cell is
able to extract water from inside the cell, causing dehydration (Pearce, 2001). As result
cell volume decreases and if the water efflux is not too severe than the cell wall remains
attached to the plasma membrane (Andrews, 1996). If this process occurs intensively or
for a long period, cell membranes are dislocated from the cell wall and metabolic process
are affected.
Severe dehydration causes an imminent destruction of the membranes, even
without intracellular ice formation (Guy, 2003). This is due to the non-polarity nature of
the membranes (polarity of liquid water is what keeps membranes in place) (Berg et al.,
2002). Cellular dehydration could also affect the movement of carbohydrates and proteins
that are necessary to protect the cell and its components.
Cellular Hydration
The opposite process of dehydration occurs when the extracellular ice melts. The
relative low water potential outside the cell creates a gradient that forces water back into
the cell. Tompkins et al. (2000) indicated that creeping bentgrass and annual bluegrass
become hydrated only after ice encasement and complete thawing. This process is
frequent in other plants including cereals exposed to low temperatures (Singh et al.,
1987). The increased water content is supposed to lower the ability to resist later freeze
events. Another damage associated with cell hydration is expansion-induced lysis, as the
plasma membrane can not contain the hydrostatic pressure and the cell bursts (Guy,
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2003). In a freeze test on winter cereals, Gusta and Fowler (1977) determined that death
of plants was probably due to a rapid re-absorption of water by the dehydrated protoplast.
There is very little information available on this last topic; however it might be
one of the reasons of sudden damage in annual bluegrass during the later stages of winter.
Desiccation
Winter desiccation commonly occurs when plants are exposed to cold dry winds
(Beard, 1973). Winter burned turf is often visible on northwest slopes that face the
prevailing winds while drifted snow on the southeast slope often protects grass. Moisture
stress experienced by plants during winter desiccation is similar to drought stress during
the summer as the vascular system can not provide the amount of water that is transpired
or evaporated. It is possible that winter desiccation can be caused by ice forming outside
the plant. Turf encased in ice may also desiccate as external ice to the plant can extract
water from plant tissues.
Creeping bentgrass tolerates very low temperatures however, is severely affected
by desiccation (Gusta et al., 1980). Some plants tolerate dry cold conditions by changes
in their morphology, such as an increase in thickness of the cuticle (Griffith and Brown,
1982). Artificial and natural covers provide clear benefits in total survival of turves in
areas prone to desiccation (Johnston and Golob, 1997).
Anoxia
Plants can suffocate when covered for extended periods by ice encasement or
covers that restrict gas exchange (Freyman and Brink, 1967). Soil microbes and plants
under ice cover use oxygen as they respire causing an anaerobic condition. Toxic gases
that accumulate can directly kill grass or predispose it to freeze injury. Anoxic
conditions are likely to occur under conditions of high soil organic matter, active soil
microbes, and extended periods of continuous ice cover from 50-90 days. Anoxic
conditions (<1% O2 and >10%CO2) may occur after approximately 60 days of ice cover,
with injury or complete plant death occurring anytime within an additional 40 days
(Rochette et al., 2000).
14
Although it is common to find the term anoxia as a causal agent of winter injury;
most of the literature indicates that it is not low oxygen that is responsible for the injury
(Freyman and Brink, 1967; Andrews 1996). Instead, it is the concentration of CO2 that
promotes acidosis and is correlated with winterkill (Andrews, 1996). However, low
oxygen concentrations (<2%) have been related to a decrease in cold hardiness in
creeping bentgrass and annual bluegrass (Ross, 2003). Other substances that seem to
increase during low oxygen conditions are ethanol and lactic acid. The concentration of
these two substances can cause membrane damage (Andrews and Pomeroy, 1989).
Grasses appear to have a lower risk in developing toxic compounds under low oxygen
conditions compared to winter cereals. Comparative studies between these two plant
groups should provide information about tolerance mechanisms (Andrews 1996).
Under ice encasement, channels in granular ice or pores in the frozen soil are
alleviation factors that reduce risk of toxic accumulations of CO2 (Andrews and
Pomeroy, 1989).
Flooding
Although not a common occurrence, flooding may also be present during winter
conditions. Under freezing temperatures soil water can decrease infiltration rates that
promote saturation and flooding conditions (Beard, 1964). Flooding conditions usually
precedes periods of ice encasement (Andrews and Pomeroy, 1975). Flooding conditions
at normal growing temperatures can cause severe damage to most grasses in short time
(Danneberger, 1993). However, flooding by itself during winter conditions has not been a
problem for turfgrasses. Annual bluegrass and Kentucky bluegrass submerged in water at
1°C were 100% alive after 60 days and just marginally affected after 90 days (Beard,
1964).
In winter cereals, a short period of flooding previous to ice encasement has
provided increased ice tolerance in field conditions (Gao et al., 1983). No evidence of
benefits by flooding has been provided for turfgrasses.
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Ice Layering, Ice Cover and Ice Flooding
From all the possible winter scenarios, winter injury has been mostly associated
with ice layers and ice encasement in greens. Beard (1964) indicated that freezing and
layering with ice produced the most severe kill in annual bluegrass. There are important
differences between ice encasement and ice layering.
One of the earliest studies by Beard (1964) showed large differences in the
survival rate of Toronto creeping bentgrass, annual bluegrass and Kentucky bluegrass
when encased by ice layering or encased by flooding. When frozen and layered with ice,
annual bluegrass survived 60 days and had a 50% survival after 90 days under ice.
‘Toronto’ creeping bentgrass had a survival of 100% after 90 days under the ice layer.
When encased by complete flooding followed by freezing, annual bluegrass was
uninjured immediately after flooding but was completely dead after 15 days. ‘Toronto
creeping bentgrass’ had a survival of 100 and 70% after 60 and 75 days of treatment
respectively (Beard 1964). Similar results have been found in wheat. Andrews and
Pomeroy (1975) found that after one week of total ice immersion, survival of wheat
cultivars ranged from 7 to 67% and survival was 0% in 3 weeks; under partial immersion
survival was slightly affected after 6 weeks. Under total ice encasement at mild sub-
freezing temperatures, non-acclimated cereal seedlings die within 2 days, while
acclimated ones can survive for 2 weeks. Without ice encasement at the same
temperatures, seedlings are not injured (Andrews 1996).
Several studies on annual bluegrass and creeping bentgrass have quantified the
survival rates of this species when in contact with ice or during external formation or
removal of ice. A recent study by Tompkins et al. (2004) found that annual bluegrass
survival decreased to 0% after 90 days of encasement and 120 days of ice cover.
Creeping bentgrass was still alive on day 150 in both treatments. It is important to note
that the term ice encasement is relative. The procedure followed by Tompkins et al.
(2004) had a gradual formation of ice at crown level by misting under freezing
temperatures. Quicker and more damaging effects can be observed if plants are
completely flooded and then frozen as described earlier.
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The mechanism that cause the intense damage observed after flooding and
freezing is not clear. Andrews and Pomeroy (1975) suggest that there is an accumulation
a metabolite or partial membrane damage that may induce some type of cell
disorganization. Another possibility is that external ice can trigger multiple devastating
nucleation points, as ice can enter plants through stomata and hydathodes (Pearce, 2001).
Multiple nucleation points may have facilitated a fast recrystallization process inside the
plant.
The intensity of the effect of ice encasement is dependant of the depth of the ice
and duration. Andrews and Pomeroy (1975) found greater survival of roots and leaves of
wheat under partial immersion in ice at -1°C than in complete immersion. Brief
encasement did not have an important effect on survival rates.
Ice encasement also reduces the tolerance of grasses to freezing. In winter wheat,
freezing after 1 hour of total ice encasement reduces the lethal temperature for 50%
survival by about 6°C. (Andrews, 1996). When plants are exposed to ice cover or
encasement, they appeared to be more sensible to temperature variations. Andrews and
Pomeroy (1975) found significant differences in survival of winter wheat with changes
between -1 to -2 and -3°C. Other reason besides simple freezing and dehydration may be
responsible of damage to specific plant organs (Pearce, 2001). Some studies also support
the idea of independent mechanism of tolerance to low temperatures and ice encasement,
as correlation between both tolerances is not always apparent (Gudleifsson et al., 1986).
Ice Porosity and Depth
Survival of winter wheat under ice encasement has been associated with ice
porosity (Andrews and Pomeroy 1975). For golf course greens, the worst type of ice
coverage is that resembling a clear sheet due to the low porosity associated with it. Ice
formation due to snow melt not be as lethal since channels remain open, allowing for the
dissipation of toxic gases (Ross, 2003).
Ice developed in granulated form may contain passages that reduce encasement
stress (Andrews 1996). Similar effects occur when ice is formed by compacting snow
(Andrews and Pomeroy 1975). Conditions of encasement in unsaturated soils still allow
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movement of gasses if the soil moisture is less than 40% (Andrews 1996). Uneven
surfaces with varying depths of ice show differential injuries, deeper areas are prone to
intense injury (Andrews and Pomeroy 1975).
Lethal Temperatures
Direct damage in winter by intracellular ice is due to extremely low temperatures
(Guy, 2003). Each plant species has a minimum temperature that it can tolerate.
However, this minimum is not a set point. It varies with the degree of acclimation, with
the duration of exposure to low temperatures, and with preceding or simultaneous
stresses.
According to Tompkins et al. (2004), the lethal temperature for annual bluegrass
and creeping bentgrass are -18°C and -40°C respectively at their maximum cold
hardiness; previously Tompkins et al, 1995 found some ecotypes of AB able to withstand
up to -27°C. Other researchers found a critical threshold of -10°C for survival of annual
bluegrass in tarp studies (Dionne et al., 1999). More recently Dionne et al. (2001b) found
high levels of freezing tolerance (-30.9°C) in annual bluegrass under simulated winter
conditions. Ross (2003) indicated that annual bluegrass and creeping bentgrass can
tolerate up to -20 and -40°C respectively. Large variations in lethal temperature may
occur among ecotypes of annual bluegrass. Under a cold tolerance test in Canada, 50%
survival of annual bluegrass ecotypes ranged from -17 to -22°C; in the same test creeping
bentgrass had a 50% survival at -28°C (Huff, 1999). Differences up to 9°C were found in
mean lethal temperature among annual bluegrass ecotypes from Canada and the
Northeastern USA (Dionne et al., 2001b).
It is important to note that the numbers indicated are obtained by re-growth
studies (plant growth is evaluated after a stress period). Critical or lethal temperatures are
those that kill 50% of the population, also known as LT50 (Gusta et al., 1980).
Caution must be exercised when reading LT50 data or extrapolating data from
controlled environments to field conditions. Pierce (2001) indicates that, in controlled
environments, ice nucleation usually occurs at lower temperatures. Guy (2003), suggest
that the high complexity of field conditions is hard to predict with a simple determination
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of the lethal temperature. Other authors support the use of LT50 as predictor of
physiological characteristics. Brule-Babel and Fowler (1989) indicated a good positive
correlation between cold hardiness (LT50) of cereals and tissue water content. However,
the same authors warn that differences in LT50 can be obtained among growing chambers
with similar conditions for acclimation. Thus LT50 values can differ by slight variations
in environments.
Additionally to re-growth studies, LT50 can be calculated by electrolyte leakage.
Loss of compartmentalization by ruptured membranes after ice formation or extreme
dehydration can be detected as leakage of electrolytes (Pearce, 2001). Evidence exists
that both methods of calculating LT50 yield similar results. Gusta et al. (1980) found
similar results of LT50 when evaluating electrolyte leakage and re-growth studies in
Kentucky bluegrass (Poa pratensis L.). Similarly Maier et al (1994) found a positive
correlation (r=0.81) between both methods in freezing tests on St. Augustinegrass
[Stenotaprum secundatum (walt.) Kuntze].
Gusta and Fowler (1977) and Su et al. (1988) warned that LT50 values are
affected by the duration of the time under stress and the duration of the testing
procedures. Therefore information provided should be considered and index. It should
not be considered as an intrinsic factor of the evaluated species (Su et al., 1980).
Gao et al. (1983) indicated that ion uptake would be a better indicator of
membrane injury than electrolyte leakage after observing absence of amino acids in
solution after laboratory leakage tests.
Studies of critical temperatures have provided useful information to understand
speed and magnitude of winter injury. Particularly, some studies have shown that very
small temperature variations can caused significant damages. A study of tall fescue seed
heads showed that a marginal variation in stress temperatures of -1°C for 2 hours were
able to reduce seed yields by 33% (Hare, 1995). In winter wheat, temperature variation
from -3 to -9°C caused cell dehydration and disruption (Andrews and Pomeroy 1975).
In golf course greens, it is a common practice to cover greens to protect them
from desiccation and extreme low temperatures (Johnston and Golob, 1997). There are
many studies that have looked at insulation properties of different materials, but results
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are inconsistent (Dionne, 2000). Natural snow cover seems to provide the best insulation
and protection from low temperatures (Dionne, 2000).
Oxidative Stress
In winter rye (Secale cereale L. cv Musketeer), studies have demonstrated that
light, may be affecting cold hardiness and the recuperative capacity during and after
winter (Gray et al., 1997). Fry and Huang (2004) indicate that cool-season grasses reach
saturation point of photosynthesis between 534 to 1072 µmol m-2s-1 [photosynthetic
photon flux density (PPFD)]. During several hours of the day on months of February,
March and April in Iowa, PPFD can easily surpass 1000 µmol m-2s-1, thus the risk of
reaching saturation point of photosynthesis is high given the low temperatures associated
to this season
Although it has not been directly reported, it is likely that the excess of light may
be delaying the recovery of creeping bentgrass and annual bluegrass after winter
dormancy. Photoinhibition at high levels can be irreversible, thus requiring de novo
synthesis of enzymes that requires energy and other plant resources (Young and Frank,
1996). Chlorophyll content may also be reduced to decrease total light harvested (Das,
2004). As some authors have indicated, to maintain a photosynthetic mechanism under
supraoptimal light intensities is expensive for the plant (Ogren, 1994) and can reduce
growth (Melis, 1999).
There is evidence of oxidative stress during winter (Beck et al, 2004), perhaps due
to excessive light. Evidence comes from increased number of unsaturated bonds and free
fatty acids that are likely broken pieces of membranes that suffered epoxidation
(Andrews 1996). Epoxidation of fatty acids occurs under the presence of reactive oxygen
species like hydrogen peroxide, which is usually related to energy not canalized properly
(Beck et al, 2004).
Soil Heaving and Diseases
Other possibilities of damage during winter are related to external factors such as
soil heaving and diseases (Beard 1973). Some types of soil can contract or expand when
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they have high moisture content and this movement can rupture roots. Diseases such as
snow mold are also a possible source of winter damage. A plant with severed tissues is
less likely to survive other types of winter injury associated with ice formation,
desiccation, or cell bursting. Wounds are also considered as ice nucleation points that
increase the risk of ice forming inside the plant (Ashworth et al., 1985).
Time of Injury
Another factor that has made winter injury difficult to evaluate is the inability to
determine if plants are dormant or dead during winter. It is not until temperatures surpass
5 to 8°C in early spring that growth can be observed and evaluation of relative damage is
done. Because of that, it is common that Golf Course Superintendents presume that
damage actually occurs at the end of winter. Conditions during the dehardening period in
the spring may increase the level of winter damage (Gusta and Fowler, 1977). Decrease
in winter hardiness in later stages of winter due to ice encasement (Tompkins et al., 2000)
or by extended periods of hypoxia (Rochette et al., 2006) suggest that damages are likely
to occur in late winter early spring. Cycles of freeze and thawing common at the end of
winter, may considerably damage turf crowns (Beard, 1964; Dionne, 2000, Leep et al.,
2001). Other evidence, particularly related to ice formed after flooding suggest that
damages can occur within the first few days after freezing (Beard, 1964; Hamilton,
2001). Thus, injury occurs quickly when flooded turf becomes encased in ice. In contrast,
turf that becomes encased by gradual freezing of thin layers of water on the plant surface
results in less injury occurring over a longer period of time.
Excessive and chlorotic growth under tarps can result in scalped plants when
mowing resumes in the spring (Johnston and Golob, 1997). Those areas will appear as
damaged for a period of time.
The speed of plant decay could give a false impression of when damage actually
occurred. After ice encasement wheat plants appeared healthy for 1 or 2 days but showed
symptoms of damage later on (Andrews and Pomeroy, 1975). When ice forms, it may
force gasses out of solution. Theses gasses can remain as small bubbles around tissues.
Upon thawing, bubbles can group and expand causing embolism (Pearce, 2001). The
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speed of thawing in spring may influence the time of damage. In winter cereals, rapid
thawing reduces cold tolerance that can be required to survive late freezing events (Gusta
and Fowler, 1977).
In general, most of the evidence that indicates when damage occurs to golf course
greens is circumstantial. Defining the time of damage may increase the understanding of
winter injury in field conditions.
Mixed Interpretations
As mentioned earlier, there are several different mechanisms for winter injury of
annual bluegrass and creeping bentgrass. Turf may recover from injured leaves but death
of the crown results in severe turf loss. Dessiccation, hydration and crown injury are
terms often used to describe mechanism of injury and whole plant effects. Sometimes
these terms are combined to give variable description of winter injury that can be
confusing. For example it is common to find literature with the concept of crown
hydration injury (Cella, 2002; Tompkins et al., 2004; Ebdon and Webster, 2006), but
mixed interpretations are obtained when reading about crown hydration in scientific and
trade journals. Tompkins (2004) described crown hydration as an influx of water in the
crown cells and subsequent damage by freezing. Cella (2002) defines crown hydration as
extracellular ice formation and dehydration of cells. Skorulski (2002) indicates that
crown hydration is due to cell desiccation (note the difference with the term desiccation
explained earlier). Happ (2006) indicated that “crown hydration damage occurs when the
active growing point of the plant ruptures during periods of low temperature extremes”.
Ross (2003) suggests that the crown hydration injury if observed in late spring should be
defined as ”freezing injury made worse by fully hydrated crown tissues”. All definitions
seem to have a logical and valid root; however confusion arises when information is
transferred. Ambiguity in causal agents of damage adds uncertainty to the overall
understanding of winterkill in golf course greens.
Desiccation is also mentioned in several occasions with a slight difference in
concept. In macro scale, desiccation is probably due to dry winds and low water
conductivity by the vascular system. Beard (1963) indicates that desiccation occurs in
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turfgrasses with severed crowns that can not produce enough roots to maintain adequate
levels of transpiration (Beard, 1963). Desiccation is however used to describe cellular
dehydration by reasons different than whole-plant reduction in water content (Skoroulski,
2002).
SUMMARY
Cell dehydration, shrinkage and collapse can be observed under freezing
temperatures. Extracellular ice can damage plants by dehydration or mechanical rupture
of tissues. Damages occur usually at very low temperatures or after long period of near
freezing temperatures. Ice type and formation, are important factors in survival of
turfgrasses. The interaction between climate and the ability to adapt to it (acclimation) is
not well defined, nor easily measured. The system is so variable that responses are
unpredictable. Annual bluegrass and creeping bentgrass have to tolerate a large number
of simultaneous stresses in order to survive winter. The relative effect of each stress is
unknown. Additionally, the ability to cope with various stresses is influenced by turfgrass
species and microenvironment. Research in controlled environments is useful to provide
information that can not be acquired in field experiments because of the high variability
and background error (Gudleifsson et al., 1986). Nevertheless, such research acquires
usefulness only when tested in field conditions. The following chapters describe field
research that provides testing grounds for some of the main theories and concepts used to
explain winter injury.
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CHAPTER 2. WINTER INJURY OF CREEPING BENTGRASS AND ANNUAL
BLUEGRASS PUTTING GREENS AS AFFECTED BY VARIOUS FIELD
CONDITIONS
Abstract
Some level of winter injury occurs every year on putting greens and fairways in
Iowa and other golf courses north of the transition zone. Researchers have tried to narrow
down the reasons why putting greens die. Unfortunately, many research based
explanations often contradict the obvious results that superintendents are experiencing.
The purpose of the research was to quantify the relative injury on putting greens as it
relates to snow cover, ice formation, desiccation, crown hydration, and freeze/thaw
cycles. Our approach was to evaluate the relative amount of injury that is associated with
various scenarios of winter, instead of focusing solely on the mechanisms that cause the
injury. This study was conducted at the Iowa State University (ISU) Horticulture
Research Center and at ISU Veenker Memorial golf course, both in Ames Iowa. The
species evaluated were creeping bentgrass (Agrostis stolonifera L) and annual bluegrass
(Poa annua L). Ten possible winter scenarios; dry/open, wet, ice continuous, snow
continuous, impermeable artificial cover and ice continuous, ice removal, ice/melt
freeze, snow removal/melt freeze, an artificial permeable turf cover, and artificial
permeable turf cover with snow, were created on two Iowa putting greens in January,
February and March of 2003, 2004, and 2005. Dry weight yield produced by samples
collected in the field and grown on controlled chambers was used to indicate the amount
of winter injury. Creeping bentgrass was not killed under any treatment. Continuous ice
cover of 66 days caused creeping bentgrass bleaching but never resulted in any turf kill or
decline in creeping bentgrass cover. Annual bluegrass was susceptible to winter injury
when exposed to ice formation. The formation and type of ice is more important than the
duration of ice cover in predicting annual bluegrass winter injury when ice is present.
Key words: winterkill, annual bluegrass, creeping bentgrass, ice, temperature, cold
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INTRODUCTION
Winterkill in putting greens is a common phenomenon in north-central region of
United States and in other temperate areas. Golf courses with large populations of annual
bluegrass (Poa annua L.) have lost up to 90% of the population in one single winter
(Skoroulski, 2002). Even creeping bentgrass (Agrostis stolonifera L.), one of the most
cold and freeze tolerant turf species (Turgeon, 2002), has been reported with damage
after long winters with absent snow cover. The relative influence of winter conditions
that promote winterkill in turfgrasses is unknown despite the great effort to understand
cold stress.
Extensive research in controlled environments has evaluated injury mechanisms
in creeping bentgrass and annual bluegrass (Beard 1964; Lush, 1988; Tompkins et al,
1995; Rossi and Buelow, 1997; Tompkins et al., 2000; Dionne et al., 2001 a and b;
Hamilton, 2001; Tompkins et al., 2004; Stier et al., 2005; Rochette et al., 2006). A large
number of studies have evaluated winter injury in other turfgrass species and in cereal
grasses. Most agree that damages can be explained by factors such as intracellular and
extracellular ice formation, cellular dehydration and hydration, plant desiccation, macro
scale tissue and organ rupture, diseases, anoxia, cellular acidosis, oxidative stress and
retarded growth (Andrews, 1996; Gray et al., 1997; Pearce, 2001; Guy, 2003).
According to the definition of chill and freeze sensitive species (Beck et al.,
2004), creeping bentgrass can be classified as a freeze-tolerant species when fully
acclimated. Annual bluegrass is a chill-tolerant and moderately freeze-sensitive species
even at maximum acclimation. Ranking of freeze and cold tolerance is based on survival
rates at various temperatures (Guy, 2003). Other related characteristics like crown water
content (Tompkins, 1995) and ion leakage (Madakadze et al, 2003) also measure
susceptibility to low temperatures..
According to Ross (2003) and Tompkins et al, (2004), creeping bentgrass has a
lethal temperature (50% survival in regrowth studies) of -40°C. Annual bluegrass lethal
temperature varies according to different ecotypes and it ranges from -10°C (Dionne et al,
1999) to -27°C (Tompkins et al., 1995). Lethal temperatures are linked to intracellular
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ice formation, however most damages during winter appear to be of indirect nature
(Pearce, 2001) and occur at various times during the winter season. Maximum
acclimation of both species occurs in Dec. and Jan. and it decreases considerably in the
following 3 months (Tompkins et al., 2000).
Ice cover and encasement have been associated to hypoxic environments and
considered strong causal agents of winter injury. Early research suggested that
suffocation and toxic gasses may be responsible for turf injury under ice (Freyman,
1967). On the contrary, there are reports that no injuries to bentgrass were caused from
ice cover for a period from 60 to 150 days (Beard, 1965b). Recent studies quantified the
amount of days that those two species can survive under a solid ice cover. For annual
bluegrass, damage was observed only after 90 days of ice cover, and creeping bentgrass
was still alive on day 150 (Tompkins et al., 2004).
Turf crown hydration and dehydration have been also related to extracellular ice
formation (Pearce, 2001). When ice forms, the water vapor pressure outside the cell is
able to extract water from inside the cell, causing dehydration. Later, during thawing
conditions, extracellular water tends to penetrate cells and may cause cell bursting (Guy
2003). It is unclear in both turf species the extent of both problems during winter as
changes in water content may also be part of the acclimation and deacclimation processes
(Gao et al., 1983; Brule-Babel and Fowler 1989). Another large source of variation in
winter injuries is the presence of external ice to the plant in the form of snow, compacted
snow, granular or layered ice or total ice encasement. A recent study by (Tompkins et al.,
2004) found that annual bluegrass survival decreased to 0% after 90 days of encasement
and 120 days of ice cover. Creeping bentgrass was still alive on day 150 in both
treatments. Quicker and more damaging effects have been observed if grasses are
completely flooded and later frozen to provide ice cover (Beard, 1964; Andrews and
Pomeroy, 1975; Hamilton, 2001). In contrast, snow cover has been associated with
extended periods of survival and healthier greens in spring.
Despite the vast research carried out on controlled environments, winter injury
continues to be highly unpredictable, being the result of various damaging factors (Guy,
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2003). Thus, to minimize winterkill, it is necessary to understand the high complexity of
the system at field level.
Particularly in the case of annual bluegrass, the complexity is even higher, due to
the highly recombinant nature its population (Lush 1988). This characteristic decreases
the certainty of the tolerance associated with known populations and thus with their
known lethal temperatures.
Not knowing exactly what causes winter injury or when this occurs, leaves golf
course superintendents with no other option than to try almost all activities and practices
that have been suggested elsewhere to decrease winter injury; sometimes mixing several
approaches every winter. Among these approaches are preventive practices such as the
application of fungicides and/or fertilizers, changes in mowing and irrigation patterns in
late autumn and placing artificial covers before the onset of winter. The later is
particularly useful in areas prone to desiccation (Johnston and Golob, 1997). In areas
where flooding and freezing occur, ice damage and hypoxic conditions are minimized by
breaking the ice in late stages of winter with vertical mowers and aerification equipment.
The main objective of this research is to provide golf course superintendent a
reasonable idea of which type of winter environment has the greatest potential for
winterkill of annual bluegrass or creeping bentgrass greens. Also, it is our interest to
determine not only what condition causes the most winter injury, but when during the
season does damage occur and if it is worth the expense or effort to try and minimize the
injury by taking action.
Our approach was to evaluate the relative amount of injury that is associated with
various scenarios of winter, instead of focusing solely on the mechanisms that cause the
injury.
MATERIALS AND METHODS
Winter Field Conditions
Ten simulated winter conditions (Table 1) were created during Jan., Feb. and Mar.
of 2003, 2004 and 2005 in two locations in Central Iowa, USA. In each location, a
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different section of a research green was used during each year. One green was composed
of 100% ‘Penncross’ creeping bentgrass that was growing on a native soil at the ISU golf
course. The other was 85% annual bluegrass and 15% creeping bentgrass growing on an
USGA-type green at the ISU Horticulture Research Station. The creeping bentgrass
green and annual bluegrass green were established 2 and 1 year respectively before the
winter treatments were initiated. A local biotype of annual bluegrass was used. The
annual bluegrass green was established by cultivating 9 mm diameter aerification cores
from a 5 year old practice green of a local golf course. The highly colonized practice
green contained a perennial type of annual bluegrass based on Johnson and White (1977)
definition of Poa annua var. reptans.
During the 3 months preceding the trial, both greens receive a total of 15 and 10 g
m
-2
 of N and K, respectively. Greens grade fertilizer and liquid fertilizer were used
simultaneously to provide uniform nutrition. Artificial irrigation was maintained during
the growing season. Last artificial irrigation was performed in late November every year.
The ISU golf course research green was mowed at 3.3 mm and the horticulture research
green was mowed at 4.3 mm. Climatic conditions preceding the establishment of
treatments each year were considered ideal for cold acclimation of the turfgrasses (Table
2).
This study followed a randomized complete block design with ten treatment and 3
replications for a total of 30 plots in each green. Each plot measured 3.3 by 3.3m.
In 2003, 15 cm metal boarders were forced 5 cm into the ground around each plot.
Some leakage occurred when plots with snow or ice melted in spring. In 2004, Eagle
Interface, 30 cm, 30mil plastic liner (commonly used to separate the sand root zone from
the surrounding soil during putting green construction), was trenched and buried 25 cm
below the surface to separate and contain each plot. That year, leakage was reduced but
not eliminated. In 2005, an impermeable plastic barrier was pressed 15 cm into the
ground using a metal jig and no leakage occurred.
The control dry treatments required a complete removal of ice, water or snow
within 24 hours of the climatic event. Wet treatments received 1-2mm of water as needed
to maintain a moist growing media. Water was applied only during periods of above
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freezing temperatures to avoid ice formation. Snow and ice were artificially applied to
plots during periods when it did not occur naturally. Snow was transported from a local
ski resort. On 3 Jan 2003, artificial snow provided a minimum of 10 cm of packed snow
for treatments designated snow-continuous and snow-removed. The artificial snow had
an initial density of 260 g L-1 by the time it was carried and placed in corresponding
treatment plots. No other period or year required artificial snow. Ice was made by placing
7 to 13 mm of water on the plot area and allowing it to freeze. Ice was made at a rate of
25 mm per day to a maximum of 100 mm. Permeable/dry treatments were obtained by
placing a woven translucent polyethylene cover on the entire plot. To maintain a dry plot,
snow or ice were removed similarly to dry treatments. Permeable/snow treatments were
managed similarly to snow treatments with an additional permeable cover that was
installed before snow events. Impermeable/ice treatments were obtained by placing an
impermeable polyethylene cover and 100 mm of water were allowed to freeze as in ice
treatments on top of the cover. The wet treatment simulated winter watering and received
5.6 mm of water weekly from 30 Dec. 2004 to 15 Feb. 2005.
A pneumatic jack hammer and a bluebird vertical mower were used for ice
removal, as required by some treatments. Permeable and impermeable covers were
placed immediately before to the onset of ice and snow treatments.
Two core samples per treatment were taken every 14 days and placed in a growth
chamber at 25/20° day/night at 250 µmol m-2s-1 for 28 days to determine when grass died
during the winter. Two methods of sampling were used depending on the time of year
and hardness of the frozen conditions. A 89 mm dia. by 51 mm deep core was taken with
a hammer drill (Hitachi DH38YE) attached to a core bit when soil conditions were
extremely hard. A 51 by 51 mm dia. bulk density hammer was used when soil was not
completely frozen. After recovery period, the plugs were clipped at a height of 5 mm and
clippings were collected, dried, and weighed. Turf recovery in the greenhouse (dry
weight yield) indicated the amount of winter injury. Recovering core samples and field
plots were visually evaluated for turf quality, 10=best, 1=worst, and 6= lowest acceptable
quality. The percent living turf cover of bentgrass and annual bluegrass was rated for
field plots. Soil temperature was measured at 13mm below the soil/thatch interface with
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copper-constantan thermocouples (Omega Engineering Inc., Stamford, CT). Data was
acquired by a multiplexer and connected to a CR10WP or CR23X micrologger
(Campbell Scientific Logan, UT). Temperature data was recorded every hour in all
treatments for the duration of the study.
Lethal Temperature of Local Annual Bluegrass Population.
To obtain a reference of the lethal temperatures of the annual bluegrass population
studied, an ion leakage test was performed on samples collected from the USGA-type
green at the ISU horticulture research station in 2006. On 11 Nov. 2005, six plots of 6 by
6 m at the annual bluegrass research green were selected to measure lethal temperatures
in the following months of Jan., Feb. and Mar. Artificial irrigation (3mm) was applied to
3 of the 6 plots, 3 times per week from 11 Nov. until 11 Jan. Control plots only received
natural irrigation on 24 Nov., 7 Dec. and 12 Dec. for a total of 7mm of water. Wet plots
received a total of 34mm of water before 11 Jan. This study followed a randomized
complete block design with 2 treatments (irrigation) and 3 replications.
On 11 Jan., 13 Feb. and 15 Mar., three 50mm diameter core plugs, were collected
from each field plot. Core plugs were placed in an insulated cooler and carried
immediately to a 4°C work room. All core plugs were sectioned to obtain individual
plants. Each plant was further cut with a scalpel to extract the plant crown. A total of 80
crowns from each plot were placed into eight 25ml-pyrex-glass essay tubes. All essay
tubes with 10 crowns were placed in crushed ice to equilibrate at 0°C for 24 hours.
Tubes from each replication containing annual bluegrass crowns were exposed to
eight different temperature treatments (0, -6,-9,-12,-14,-16,-18,-20°C) in a temperature
controlled bath. The freezer was first equilibrated at 0°C. One tube from each replication
was removed and stored on crushed ice at 0°C. The temperature was then decreased at a
rate of 2°C per hour from 0°C until -20°C. Tubes were collected from the freezing bath
when they reached the desired temperature. After collection, they were placed on crushed
ice bath at 0°C for 24 hours. The electric conductivity of these samples was measured
before and after autoclave treatment to calculate ion leakage and the relative injury.
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Data analysis was generated using PROC ANOVA of the SAS software, Version
8 of the SAS System for Windows (SAS Institute, 1999). Means were separated ( =
0.05) by Fischer’s protected LSD (Fischer, 1966). The NLIN procedure and the
monomolecular model from SAS software (PROC NLIN of the SAS software, Version 8
of the SAS System for Windows. SAS Institute, 1999) approximated the maximum ion
leakage due to its mathematical similarity to the Gompertz function (Lim et al., 1998).
RESULTS
Winter Evaluations
The earliest and coldest part of the winter of 2003 in Iowa had very little snow
fall, only 105 mm from 1 Jan. until 14 Feb., an additional 437 mm fell from 15 Feb. to 7
Apr. for a total of 542 mm (Iowa Mesonet, 2007). Several courses in the area lost grass
that was presumed to be from winter desiccation.
Year 2003
An early attempt to create ice cover treatments on 5 Jan. failed. By 8 Jan. all
snow and ice had melted from the plots. By 10 Jan., freezing conditions returned and
snow and ice were again started for the designated treatments. Snow remained on the
snow-continuous treatments for 66 days after treatment initiation (DAT) on 10 Jan.
Treatments designated for ice-continuous also began on 10 Jan. and by 23 Jan all ice-
continuous plots had 10 cm of ice cover. Ice cover lasted for 66 continuous days
following 10 Jan. On 18 Feb, snow and ice were removed from designated treatments
thus providing 39 days of snow or ice cover.
Ice-melt-freeze and impermeable-cover-snow treatments were abandoned because
water ran into some of the plots during a melting period on 7 and 8 Jan.
Low plant density at the green of the horticulture research station introduced great
variability in dry weight clipping yield. A visual evaluation of the percentage of turf
cover was used instead for 2003. Percentage turf cover for annual bluegrass obtained in
2003 appears in Table 3. Dry and permeable dry treatments showed a higher annual
38
bluegrass cover 13 and 35 DAT. At 70 DAT, snow continuous and snow removal
treatments had a higher annual bluegrass cover than all but permeable dry treatments.
Treatments plots that had any exposure to ice showed the least turf cover at 70 DAT.
Dry weight clipping yield from the creeping bentgrass green showed few
important differences in 2003 between treatments. Dry treatments had considerably less
biomass production 42, 63 and 77 DAT than treatments that where covered with snow for
the whole or partial duration of the study (Table 4).
Year 2004
The winter of 2004 in Ames, IA had 822mm (Iowa Mesonet, 2007) of snow cover
with approximately 70 days of continuous snow cover from January through early March.
All snow occurred naturally in the research area and no ski resort snow was used. There
were no reports of winter injury from golf course superintendents and in general soil
moisture was not considered to be excessive or deficient. Snow and ice cover treatments
began on 6 January. Snow remained on the continuous snow treatments for 71 days after
6 January. Treatments designated for continuous ice also began on 6 January and lasted
for 67 consecutive days. Snow and ice were removed from designated treatments on 23
Feb resulting 48 days of continuous snow or ice cover.
Annual bluegrass exposed to ice treatments (ice continuous, ice melt/freeze, ice
removed) produced less biomass than dry, wet, snow continuous, permeable dry or
permeable snow treatments 9, 37 and 93 DAT (Table 5). Ice removal treatment plots
increased biomass production considerably after ice removal 65 and 79 DAT, but low
clipping yield was observed again at 93 DAT.
Clipping yield for creeping bentgrass did not follow any clear pattern among
treatments. Only exposed dry and wet treatments showed a marked reduction in biomass
at 71 and 86 DAT compared to other treatments (Table 6).
Year 2005
The winter of 2005 had higher temperatures than 2003 and 2004 during the
middle period of the 90 day winter study. The temperature averages for the 30-60 DAT
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period of the winter study were -5.8 ºC, -4.9 ºC, and -0.4 ºC in 2003, 2004, and 2005,
respectively. The warmer temperatures in 2005 did not allow for continuous cover by
snow and ice (Table 12) and winter injury on the test area was minimal. There were no
reports of winter injury by golf course superintendents in 2005. A total precipitation of
633 mm of snow was reported for the duration of the study in Ames, IA (Iowa Mesonet,
2007).
No pattern among treatments was observed in clipping yield during 2005 for
annual bluegrass. Only the wet treatment showed less biomass production at 73 and 87
DAT when compared to all other treatments with the exception of dry and permeable dry
treatments (Table 7). At the creeping bentgrass research green, no clear trends were
found in 2005, despite significant differences in the statistical analysis (Table 8).
Spring and Summer Evaluations
In 2003, annual bluegrass plots exposed to ice for any duration had the worst
quality ratings possible on 25 Mar (Table 9). Plots that were exposed to snow had
considerably better appearances but still remained below the acceptable minimum. By 30
Apr., differences disappeared and most treatments had acceptable appearance. The annual
bluegrass population in 2003 was seriously affected by ice treatments (Table 11). By 6
June none of the ice treatment plots had over 12% annual bluegrass cover.
Annual bluegrass injuries in 2004 were similar to those in 2003. All treatments
with ice cover had lower turf quality on 24 Mar when the covers were removed (Table 9).
By 12 May, turf quality in the ice covered plots still lagged behind the other treatments.
Species evaluation in July 2004 indicated that more annual bluegrass was killed in the ice
plots compared to any other treatment (Table 11).
Observations of turf quality during spring green-up in 2005 indicated that once
again ice treatments injured turf more than snow, permeable dry, permeable snow or
impermeable ice treatments (Table 9). Recovery from winter occurred similarly in all
treatments and by 29 Apr. differences were marginal.
On 29 Apr. 2005, the population of annual bluegrass was less affected by
treatments that provided permeable with snow cover (Table 11). On same date, the wet
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treatment decreased annual bluegrass population when compared to all but dry, ice
continuous and ice removal treatments. On 7 July, most treatments had more annual
bluegrass than the winter watered treatment.
On 19 Mar. 2003, there was no substantial turf loss in the creeping bentgrass trial
growing on native soil despite 66 days of continuous ice cover (Table 10). Treatments
subjected to ice cover or dry and open conditions exhibited more brown turf and slower
spring green-up. Removal of ice after 39 days of continuous cover did not improve this
type of temporary injury. All treatments, including the ice covered plots, had completely
recovered by 30 Apr. (Table 10).
Similar results occurred in 2004. The creeping bentgrass green growing on native
soil at golf course did not experience any turf kill and all plots retained 100% turf cover.
However, post- winter turf quality indicated that the dry treatment showed more winter
discoloration than any of the other treatments (Table 10). Any type of cover (snow, ice,
permeable or impermeable) improved the green appearance of the turf. Removing snow
or removing ice had little effect on winter recovery of the bentgrass. Creeping bentgrass
covered by permeable cover had substantially better appearance than the continuous ice
treatment on 24 Mar. and 5 Apr.
Grass under the impermeable plastic cover did not appear to have any cessation of
growth or loss of turf color during the winter treatment period. The grass appeared to
have green actively growing leaves and the plot required mowing. Even with this “lush”
appearance there was no turf injury that occurred subsequent to cover removal.
Winter injury results in 2005 on the creeping bentgrass green were similar to
those found in 2003 and 2004. On 23 Mar., the permeable, impermeable and snow
treatments cover provided substantially better turf appearance during spring green up
than any other treatments. By 29 Apr., all of the bleached turf appearance from winter
had dissipated and all turf showed complete recovery. Removing snow or removing ice
had little effect on winter recovery of the bentgrass.
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Annual Bluegrass Lethal Temperatures
Lethal temperatures of the annual bluegrass population studied were obtained by
electrolyte leakage tests. Percentage of injury was calculated as indicated by Lim et al.
(1998). Results of percentage of injury appear in Table 12. Annual bluegrass plants that
were acclimated under dry conditions showed higher percentage of injury than plots
acclimated under wet conditions on 11 Jan. and 13 Feb. There were no differences
between dry and wet acclimation on 15 Mar.
A monomolecular model based on percentage of injury, indicated that
temperatures that produce 50% of the injury were -14.6 and -5.0°C on 11 Jan. and 15 Mar
(Table 13), for plants that were acclimated under dry conditions. Plants acclimated on
wet conditions required -13.3°C to cause 50% injury on 15 Mar. The model did not
provide estimates for other dates because the range of cold temperatures of the test was
not low enough to calculate the required asymptote.
Minimum Temperatures
The winter of 2003 and 2004 had lower temperatures than 2005 during the middle
period of the 90 day winter study. Temperature average for the 30-60 day period of the
winter study was -5.8, -4.9, and -0.4ºC in 2003, 2004, and 2005, respectively. The
warmer temperatures in 2005 did not allow for continuous cover by snow and ice (Table
14) and winter injury on the test area was minimal.
Treatment influences on surface temperature were relatively small. In 2003 and
2004, there was a difference of 4°C between the highest and lowest minimum
temperature registered among all treatments (Table 14), in both early and late part of the
winter. In 2005, differences were more pronounced. There was a difference of nearly
8°C between snow covered plots and those with continuous watering during the earliest
part of winter.
Temperatures below -13°C were registered in early 2003 on wet, ice removal and
permeable/snow treatments. Snow treatments also recorded temperatures below -13°C on
the second part of the study that same year. Wet treatment in the first 38 DAT of 2005
recorded another point under -13°C. Large variations were observed on temperature data.
42
There were few evident trends. Snow treatments were among the coldest in the second
part of the study each year. Dry and permeable dry plots were the warmest in the same
lapse of time.
DISCUSSION AND CONCLUSIONS
Creeping bentgrass was not seriously injured in 3 years of study under any of the
simulated conditions. Likely the ability to decrease the total water content of the crowns
improves its freeze tolerance as described by Tompkins et al. (2004). Only quality
observations indicated unfavorable conditions in exposed dry treatments, suggesting
some level of desiccation. This is in concordance with previous studies from Beard
(1973), who described desiccation damage in creeping bentgrass as a “wind burned”
appearance of the leaves. Lethal temperatures that kill 50% of the population in previous
studies ranged from -30 to -40°C. The coldest temperatures measured at 1m high from
surface level never surpassed -18°C. At crown level, the lowest temperature was -13.5°C.
This suggests that in Iowa, it is very unlikely that winterkill of creeping bentgrass occurs
due to direct damage of cold temperatures. Even if some level of deacclimation occurs as
indicated by Tomkins et al. (2004), during late stages of the season, temperatures
associated with late February or March were in single negative digits and direct freeze
injury should be minimal. In all 3 years of study, the benefit of artificial covers and snow
treatments was evident. Giving the poor thermal insulation offered by these single layer
artificial covers, the benefit may be more related to reduced desiccation, photo protection
and slight increases in temperatures in early spring.
It should be noted also that the maximum amount of time that impermeable
covers were used was 71 days. This is a shorter time than the required minimum time to
cause anoxic conditions in others studies (Rochette et al., 2006). Ice treatments caused
some degree of bleaching and discoloration, but no winterkill. As mentioned by Guy
(2003), it is still unclear at the molecular level, whether the interaction of ice and cellular
metabolism induces a physiological change that may have caused the discoloration but
not extensive cellular damage.
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No appreciable improvement was observed by removing ice or snow cover,
therefore recommendations for these practices on creeping bentgrass greens are not
justifiable. Water application in the middle of winter did not yield considerable gains in
quality. However the conditions of the study, with no particularly dry years, make
generalizations risky. Sand based creeping bentgrass greens might required winter
watering after periods of thawing; this scenario was not tested.
In the case of annual bluegrass, important differences in biomass production,
visual quality and population changes were evident in all years of study. The first obvious
consideration is lethal temperatures. Estimates from the ion leakage tests on the tested
annual bluegrass population ranged from -14.6 to -5°C in Jan. and Mar. respectively,
which are within expected ranges of previous studies (Dionne et al., 1999; Tompkins et
al., 2000). The coldest temperatures registered in this study were slightly less than -10°C
for most treatments during 2003 and 2004. It is possible that some of the damages
observed in annual bluegrass these years were due to direct freezing injury (intracellular
ice formation). Nevertheless, evidence suggested that this may not be a strong injury
factor, because low temperatures were also recorded in treatments that had high survival
rates of annual bluegrass (snow covered treatments). The majority of cases that showed
injury in annual bluegrass involved ice cover with the exception of impermeable covers
that isolated the turf from the ice. The same situation occurs in winter cereals with
adequate insulation from extreme cold temperatures. In this case, winter injury is
associated to low lying areas that collect melted snow (McKersie and Hunt, 1987). When
extreme low temperatures are not a factor, literature in crops or grasses affected by ice
encasement indicates that either anoxic conditions or the accumulation of metabolites are
responsible for injuries (Andrews, 1996).
In our study the duration of ice layers did not have an effect on the overall result.
Other studies have demonstrated that anoxic conditions are developed after an extended
period and mostly on soils with high organic matter (Rochette et al., 2006); none of those
conditions occurred in this study. Biomass production collected during winter showed a
significant injury within 2 weeks of initiation of treatments, which indicates a relatively
fast injury mechanism. Fast injuries, (within 48 hours) in annual bluegrass, have been
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observed when plants are not completely acclimated and exposed to ice encasement
(Hamilton, 2001).
Tompkins et al. (2004) demonstrated that annual bluegrass can survive under ice
for an extended period of time. However, ice encasement by gradual layering in that
study and encasement by submersion as in our case can yield considerable differences as
reported by Beard (1964). Complete flooding and freezing has been proven fatal for other
crops in a short time as well (Andrews and Pomeroy, 1989; Andrews, 1996). Alleviation
of flooding and freezing injury can occur by repeated thawing cycles or by partial
exposure of plant tissues to air as observed in winter wheat (Andrews, 1996). In 2005, the
damage associated with ice encasement was less than the two previous years. Climatic
conditions in 2005 avoided continuous ice cover.
The type of injury observed in encasement treatments may be cellular dehydration
promoted by extracellular ice. Multiple nucleation points can increase the risk of
extracellular ice, thus the level and/or speed of dehydration. Pearce (2001) has indicated
that ice external to the plant, can act as nucleation point for extracellular ice formation.
Under our ice encasement treatments, multiple nucleation points are possible as water
and ice penetrate the plant by the build up of external hydrostatic pressure during
freezing.
The removal of the ice layer 30 or more days after initiation did not improve the
survival rate of annual bluegrass. All evidence points that annual bluegrass injuries under
ice encasement occur very early. From the practical stand point, it would be better to
avoid ice formation by adequate drainage, instead of trying to remove an ice layer that
has formed and may have already injured the annual bluegrass plants.
Snow removal is not advisable unless it decreases the risk of flooding and ice
encasement. Continuous snow treatments were associated with high survival rates of
annual bluegrass.
The use of impermeable plastic mulches improves the survival rate and the visual
quality of annual bluegrass. The absence of serious damage in this treatment is evidence
that not low temperatures, but direct contact with ice is the primary factor of injury.
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Permeable covers were also efficient in improving the overall quality of the
annual bluegrass in early spring when compared to dry (control) plots. It is unlikely that
this covers would offer benefits under ice encasement conditions.
The LT50 associated with the dry-preconditioned annual bluegrass population,
indicated less tolerance to freezing than wet preconditioned plants. Although further
examination is necessary, it appears that early limitation of water and even drought stress
could decrease the tolerance to cold temperatures. It could be speculated that the dry
preconditioning increases the risk of cellular dehydration if already low levels of
moisture are present by the onset of winter.
In general, the intensity of winter injury was modified by several variable factors,
including climate, soil characteristics (drainage, depth, and porosity) and a highly
heterogeneous species. There was not a single clear pattern that emerged during the
evaluation of this study as primary promoter of winter injury. However, ice encasement
after flooding, was accounted as the least favorable environment for both turfgrass
species. The lack of improvement after removal of snow, ice or the application of water,
suggests that injuries occurred early during winter and they were not due to cumulative
processes.
Future research should focus on variations of ice encasement, speed, duration and
depth of ice. It is possible that there is a minimum time required to cause damage by ice
encasement to annual bluegrass depending its freeze tolerance. Another topic that
deserves attention is the availability of water to the plant not only during winter but
during the period preceding it. Finally, the strong connections between drought and
freeze tolerance suggests evaluating drought tolerant ecotypes of annual bluegrass for
winter climates.
Based on the observations of this study, practices that improve survival during
winter have to be proactive. Little or no benefits are observed by changes or activities
performed during winter. The avoidance of flooding and freezing by proper drainage, and
decreasing the risk of desiccation by snow or artificial covers are the only two suggested
measures. In Iowa a more drastic measurement will be to maintain high populations of
creeping bentgrass as the risk of winter injury is less with this species.
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Table 1. Simulated winter conditions and dates of application for ten different winter treatments evaluated on a ‘Penncross’
creeping bentgrass at ISU golf course and on a mixed annual/bentgrass green at the ISU Horticulture Center during 2003, 2004
and 2005.
2003 2004 2005Simulated
winter
conditions
Winter Spring Description
Began
†
Ice/snow
removal
Ended
‡
Began
†
Ice/snow
removal
Ended
‡
Began
†
Ice/snow
removal
Ended
‡
1. Dry
(Control)
Dry Dry No cover, no ice, no snow -
turf subject to desiccation
10 Jan 20 Mar 6 Jan 23 Mar 1 Jan 14 Mar
2. Wet Wet Wet Turf hydrated no surface ice 10 Jan 20 Mar 6 Jan 23 Mar 1 Jan 14 Mar
3. Ice
continuous
Ice Ice Extended ice cover for 90
days
10 Jan 18 Mar
(66)
6 Jan 12 Mar
(67)
1 Jan 20 Feb
(32)¶
4. Snow
continuous
Snow Snow Extended snow cover 90
days
10 Jan 18 Mar
(66)
6 Jan 16 Mar
(71)
1 Jan 6 Mar
(65)
5.Impermeable
+ ice
Ice Ice remove White impermeable cover
(Impermeable) designed to
prevent plant hydration and
ice encasement. Four inches
of ice over cover.
10 Jan 18 Feb
(39)
20 Mar 6 Jan 23 Feb
(48)
12 Mar
(67) §
1 Jan 25 Jan
(25)
20 Feb
(32)¶,#
6. Ice removal Ice Ice remove Ice removed after 60 days of
ice formation
10 Jan 18 Feb
(39)
6 Jan 23 Feb
(48)
1 Jan 25 Jan
(25)
7. Ice
melt/freeze
Ice Melt/freeze Natural melt/freeze cycle
applied in the spring
10 Jan 18 Feb
(39)
6 Jan 23 Feb
(48)
1 Jan 25 Jan
(25)
8. Snow
removal
Snow Melt/freeze Snow removed after 60
days of winter
10 Jan 18 Feb
(39)
6 Jan 23 Feb
(48)
1 Jan 8 Feb
(39)
9. Permeable
Dry
Dry Dry Permeable turf cover -
ice/snow removed
10 Jan 20 Mar 6 Jan 23 Mar 1 Jan 14 Mar
10. Permeable
+ Snow
Snow Snow Permeable turf cover -
ice/snow present 90 days
10 Jan 18 Mar
(66)
6 Jan 16 Mar
(71) §
1 Jan 6 Mar
(65)#
† Start date for winter treatments as defined by the ability to form ice or to accumulate snow on selected plots.
‡ Indicates end of winter treatments. Tarps are removed or ice and snow have naturally melted from the plot area.
§ Permeable or Impermeable covers removed 23 Mar, 2004.
¶ Warm temperatures prevented continuous ice on plots. Ice not present from 25 Jan to 8 Feb and 14 Feb to 19 Feb.
# Covers removed 14 Mar.
( ) Number of days when plots were covered with snow or ice. Days after treatment –DAT-.
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Table 2. Averaged hourly solar radiation and averaged daily air and soil temperatures
recorded in Ames, Iowa during October, November and December of 2002, 2003 and
2004.
Year of study Solar radiation Air Soil 2.5cm Soil 10cm
Wm-2 Temperature (°C)
2002
Oct. 88.5 10.0 12.2 12.6
Nov. 72.0 2.2 4.1 4.6
Dec. 61.9 -2.0 0.0 0.5
First day under 0°C 20 Nov. 2003 03 Dec. 2003 24 Dec. 2004
2003
Oct. 133.7 11.2 10.8 11.3
Nov. 72.1 1.8 5.3 5.9
Dec. 62.3 -2.1 -0.1 0.6
First day under 0°C 4 Nov. 2003 21 Dec. 2003 20 Jan. 2004
2004
Oct. 94.5 11.0 12.0 11.8
Nov. 70.1 4.5 7.8 8.1
Dec. 62.4 -2.4 0.4 1.5
First day under 0°C 24 Nov. 2004 19 Dec. 2004 †
† Not available.
52
Table 3. Percent annual bluegrass cover observed in 23.8 cm2 core samples following 28
days in a growth chamber at 25/20°C day/night. ISU Horticulture Research Center,
Ames, IA, 2003.
† Not available.
‡ Not significant.
Treatments Days after treatment
13 24 35 42 49 56 63 70
Turf cover (%)
Dry (control) 87 48 56 23 26 4 14 45
Wet 66 57 59 36 33 20 39 27
Ice continuous 38 28 35 † 16 13 28 23
Snow continuous † 58 17 41 52 59 68 82
Impermeable/ice † 18 23 52 13 25 19 18
Ice removal 42 32 29 † 23 25 41 18
Ice melt/freeze 59 † 28 30 21 43 39 20
Snow removal † 38 35 16 18 22 25 75
Permeable dry 75 58 75 72 58 23 33 54
Permeable snow 66 57 38 † 38 38 53 37
LSD 0.05 26.2 ‡ 16.1 ‡ 22.5 31.2 42.8 36.6
Table 4. ‘Penncross’ creeping bentgrass dry weight clipping yield recovered from 23.8 cm2 core samples following 28 days in a
growth chamber at 25/20°C day/night. ISU golf course, Ames, IA, 2003.
Treatments Days after treatment
10 20 28 35 42 49 56 63 70 77
Dry weight (g)
Dry (control) 0.16 0.11 0.43 0.31 0.16 0.26 0.32 0.40 0.21 0.38
Wet 0.19 0.13 0.38 0.35 0.22 0.47 0.41 0.75 0.28 0.58
Ice continuous 0.14 0.13 0.33 0.27 0.18 0.44 0.39 0.64 0.15 0.54
Snow continuous 0.15 0.11 0.46 0.32 0.22 0.42 0.52 0.56 0.29 0.52
Impermeable/ice 0.14 0.12 0.35 0.32 0.21 0.33 0.37 0.63 0.20 0.46
Ice removal 0.12 0.13 0.43 0.31 0.22 0.40 0.42 0.68 0.22 0.49
Ice melt/freeze 0.16 0.11 0.37 0.31 0.19 0.42 0.39 0.58 0.23 0.57
Snow removal 0.16 0.15 0.44 0.37 0.21 0.38 0.46 0.42 0.26 0.69
Permeable dry 0.09 0.12 0.31 0.25 0.16 † 0.47 0.64 0.24 0.52
Permeable snow 0.15 0.12 0.44 0.35 0.23 0.38 0.49 0.66 0.28 0.63
LSD 0.05 0.02 ‡ ‡ ‡ 0.05 ‡ ‡ 0.13 0.07 0.16
† Not available.
‡ Not significant.
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Table 5. Annual bluegrass dry weight clipping yield recovered from 23.8 cm2 core
samples following 28 days in a growth chamber at 25/20°C day/night. ISU Horticulture
Research Center, Ames, IA, 2004.
Treatments Days after treatment
9 23 37 51 65 79 93
Dry weight (g)
Dry (control) 0.60 0.52 0.40 1.22 1.10 0.95 0.79
Wet 0.70 0.49 0.48 1.12 0.84 1.49 1.00
Ice continuous 0.26 0.15 0.20 0.81 0.81 0.59 0.30
Snow continuous 0.70 0.09 0.31 1.02 0.84 0.93 0.80
Impermeable/ice † † † † † † 0.95
Ice removal 0.32 0.25 0.29 0.31 1.03 0.83 0.22
Ice melt/freeze 0.33 0.10 0.14 0.32 0.95 0.47 0.34
Snow removal 0.60 0.12 0.27 1.23 0.76 1.02 1.22
Permeable dry 0.54 0.46 0.57 1.44 0.79 1.32 1.09
Permeable snow 0.71 0.12 0.43 1.27 1.07 1.01 0.89
LSD 0.05 0.24 0.20 0.14 0.44 0.24 0.44 0.43
† Not available.
‡ Not significant.
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Table 6. ‘Penncross’ creeping bentgrass dry weight clipping yield recovered from 23.8
cm2 core samples following 28 days in a growth chamber at 25/20°C day/night. ISU golf
course, Ames, IA, 2004.
Treatments Days after treatment
14 30 44 57 71 86
Dry weight (g)
Dry (control) 0.31 0.31 0.32 1.28 0.80 0.60
Wet 0.33 0.45 0.25 0.97 0.92 0.55
Ice continuous 0.44 0.24 0.26 1.18 1.23 0.76
Snow continuous 0.38 0.19 0.19 1.06 0.98 0.74
Impermeable/ice † † † † † 0.77
Ice removal 0.26 0.20 0.27 1.23 1.04 0.75
Ice melt/freeze 0.31 0.29 0.27 1.18 0.99 0.86
Snow removal 0.50 0.23 0.25 1.26 1.12 1.06
Permeable dry 0.38 0.26 0.25 1.10 1.07 0.85
Permeable snow 0.46 0.25 0.26 1.28 1.21 1.00
LSD 0.05 0.14 0.12 ‡ ‡ 0.19 0.12
† Not available.
‡ Not significant.
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Table 7. Annual bluegrass dry weight clipping yield recovered from 23.8 cm2 core
samples following 28 days in a growth chamber at 25/20°C day/night. ISU Horticulture
Research Center, Ames, IA, 2005.
Treatments Days after treatment
13 20 34 48 52 73 87
Dry weight (g)
Dry (control) 1.11 1.22 0.82 0.99 0.61 0.54 0.83
Wet 1.36 1.09 0.90 0.93 0.73 0.43 0.71
Ice continuous 0.97 1.15 0.79 0.86 0.57 0.70 1.14
Snow continuous 0.35 0.79 1.22 1.13 0.81 0.56 1.10
Impermeable/ice † † † † † 0.80 1.18
Ice removal 1.07 0.74 0.75 0.92 0.75 0.74 1.30
Ice melt/freeze 0.69 0.82 1.10 0.81 0.82 0.68 0.91
Snow removal 0.35 1.25 1.14 1.24 0.80 0.66 1.32
Permeable dry 1.17 1.21 1.25 1.21 0.91 0.61 0.78
Permeable snow 0.20 0.94 1.04 1.16 1.04 0.78 1.21
LSD 0.05 0.38 0.30 0.27 ‡ 0.20 0.18 0.28
†Not available.
‡ Not significant.
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Table 8. ‘Penncross’ creeping bentgrass dry weight clipping yield recovered from 23.8
cm2 core samples following 28 days in a growth chamber at 25/20°C day/night. ISU golf
course, Ames, IA, 2005.
Treatments Days after treatment
13 20 34 48 52 73 87
Dry weight (g)
Dry (control) 0.68 1.35 1.09 0.60 0.66 0.76 0.81
Wet 0.68 1.08 0.99 0.57 0.67 0.78 0.77
Ice continuous 0.84 1.27 1.09 0.71 0.75 0.58 0.66
Snow continuous 0.61 1.44 0.99 0.55 0.70 0.64 0.77
Impermeable/ice † † † † † 0.54 0.73
Ice removal 0.68 0.99 0.86 0.56 0.64 0.55 0.70
Ice melt/freeze 0.78 1.06 1.07 0.63 0.65 0.74 0.58
Snow removal 0.59 0.95 0.71 0.63 0.81 0.61 0.71
Permeable dry 0.68 1.12 0.95 0.54 0.68 0.72 0.72
Permeable snow 0.73 0.98 0.88 0.66 0.64 0.60 0.64
LSD 0.05 ‡ 0.10 0.13 0.55 0.09 0.08 ‡
† Not available.
‡ Not significant.
Table 9. Turf quality following winter treatments during 2003, 2004 and 2005. Annual bluegrass/creeping bentgrass green, ISU
Horticulture Research Center, Ames, IA.
Treatments 2003 2004 2005
25
Mar.
2
Apr.
30
Apr. 6 July
24
Mar.
5
Apr.
12
May
4
Aug.
1
Apr.
29
Apr.
20
May
7
July
Turf quality §
Dry 3.0 3.3 6.0 8.3 4.0 5.0 8.0 9.0 3.5 6.8 † 8.7
Wet 3.0 4.0 6.3 8.7 5.0 6.7 8.3 9.0 3.3 6.2 † 8.2
Ice continuous 1.0 2.3 5.7 8.7 1.0 2.0 5.7 9.0 2.8 6.8 † 8.7
Snow
continuous 5.0 5.0 6.7 8.7 4.7 4.3 7.3 9.0 3.7 7.3 † 9.0
Impermeable/ice † † † † 7.0 8.0 9.0 9.0 4.3 7.7 † 9.0
Ice removal 1.0 2.3 5.7 8.7 1.0 2.0 6.0 9.0 2.7 6.8 † 8.5
Ice melt/freeze 1.0 2.7 6.3 8.3 1.0 2.0 6.0 9.0 2.7 6.8 † 8.8
Snow removal 5.0 4.7 6.3 8.3 5.3 5.3 7.7 9.0 3.8 7.3 † 9.0
Permeable dry 4.7 4.0 6.3 8.7 9.0 9.0 9.0 9.0 4.5 7.5 † 9.0
Permeable snow † † † † 7.7 7.3 7.3 9.0 4.8 7.7 † 9.0
LSD 0.05 0.3 0.8 ‡ ‡ 0.8 1.6 0.6 ‡ 0.7 0.5 ‡ 0.4
† Not available.
‡ Not significant.
§ Quality scale 1-9; 1 =worst, 6= minimum acceptable.
58
Table 10. Turf quality following winter treatments during 2003, 2004 and 2005. Creeping bentgrass green, ISU golf course, Ames,
IA
Treatments 2003 2004 2005
19
Mar.
26
Mar
30
Apr. 6 July
24
Mar
5
Apr.
12
May
4
Aug.
23
Mar
29
Apr.
20
May 7 July
Turf quality §
Dry 2.0 2.7 5.0 9.0 1.0 5.3 9.0 9.0 1.8 8.2 9.0 9.0
Wet 2.3 4.0 6.0 9.0 4.3 6.7 9.0 9.0 1.8 8.0 9.0 9.0
Ice continuous 2.7 2.7 4.7 9.0 4.0 6.7 9.0 9.0 1.5 7.8 9.0 9.0
Snow
continuous 3.7 5.0 6.7 9.0 5.3 6.7 9.0 9.0 2.8 8.3 9.0 9.0
Impermeable/ice † † † 9.0 9.7 8.3 9.0 9.0 6.3 8.0 8.8 9.0
Ice removal 2.3 3.0 4.7 9.0 4.3 6.3 9.0 9.0 1.7 7.8 8.7 9.0
Ice melt/freeze † † † 9.0 4.3 6.7 9.0 9.0 1.7 7.8 9.0 9.0
Snow removal 3.0 4.3 6.0 9.0 6.0 7.0 9.0 9.0 3.0 8.0 8.8 9.0
Permeable dry 2.7 4.0 6.7 9.0 7.7 8.7 9.0 9.0 6.0 8.2 9.0 9.0
Permeable snow † † † 9.0 8.3 8.3 9.0 9.0 6.0 8.3 9.0 9.0
LSD 0.05 0.8 0.8 0.7 ‡ 1.3 1.0 ‡ ‡ 1.0 ‡ ‡ ‡
† Not available.
‡ Not significant.
§ Quality scale 1-9; 1 =worst, 6= minimum acceptable.
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Table 11. Annual bluegrass cover in plots following winter treatments from 2003 to
2005. Annual bluegrass/creeping bentgrass green, ISU Horticulture Center, Ames, IA.
Treatments 2003 2004 2005
12 May 6 June 24 Mar. 5 Apr. 12 July 29 Apr. 7 July
Annual bluegrass population (%)
Dry 0 28 62 53 58 7 40
Wet 5 38 69 65 61 2 15
Ice continuous 0 12 65 36 36 12 35
Snow continuous 20 68 66 37 54 22 35
Impermeable/ice † † 75 69 55 23 37
Ice removal 0 11 66 36 37 13 40
Ice melt/freeze 0 8 57 10 37 18 47
Snow removal 15 52 73 46 57 18 40
Permeable dry 25 66 86 82 59 18 43
Permeable snow † † 93 92 63 27 47
LSD 0.05 9.6 28.2 15.3 20.3 5.8 11.6 10.4
† Not available.
‡ Not significant.
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Table 12. Relative ion leakage injury measured on isolated crowns of annual bluegrass
plants. ISU Horticulture Center, Ames, IA. 2006
Source Evaluation date
11 Jan. 13 Feb. 15 Mar.
P>F
Temperature 0.010 0.000 0.000
Moisture 0.050 0.018 0.139
TxM 0.745 0.990 0.934
Replication 0.294 0.581 0.623
Temperature Injury (%)
0 0 0 0
-6 8 11 25
-9 15 22 44
-12 22 35 46
-14 22 32 61
-16 23 43 70
-18 30 58 70
-20 37 62 69
LSD0.05 13.9 14.9 16.6
Moisture
Wet 18 29 48
Dry 21 37 48
LSD0.05 3.1 6.9 †
† Not significant
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Table 13. Determination of LT50 in annual bluegrass based on percentage injury from ion
leakage tests.
Temperature Dry preconditioning Wet preconditioning
°C 11 Jan 13 Feb 15 Mar 11 Jan 13 Feb 15 Mar
Injury (%)
0 0 0 0 0 0 0
-6 9 12 30 7 10 19
-9 16 27 46 13 16 42
-12 32 39 43 13 30 49
-14 27 37 60 18 28 62
-16 21 49 74 25 37 66
-18 24 65 66 35 51 74
-20 41 63 68 34 60 69
Coefficients Monomolecular model estimates
A 96 - 101 - - 137.7
B 0.69 - 0.61 - - 0.79
C 0.0220 - 0.0401 - - 0.0345
Ln(2B) 0.322083 - 0.198851 - - 0.457425
A50 48 - 50.5 - - 68.85
LT50
A50 reciprocal -14.6 † -5.0 † † -13.3
† Not estimated; maximum number of iterations exceeded.
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Table 14. Minimum temperature readings observed during 2003, 2004 and 2005.
Creeping bentgrass green, ISU golf course, Ames, IA.
Treatment 2003 2004 2005
Days after treatment
1 to 39 40 to 66 1 to 48 49 to 71 1 to 38 39 to 65
Minimum temperature °C †
Dry -10.0 -10.6 -11.3 -5.1 -11.8 -5.9
Wet -13.1 -11.4 -10.5 -5.0 -13.3 -5.9
Ice continuous -11.9 -12.7 -11.7 -8.2 -10.3 -6.0
Snow continuous -12.3 -13.5 -9.8 -9.4 -5.5 -7.5
Impermeable/ice -12.1 -12.4 -9.9 -8.9 -8.0 -6.2
Ice removed -13.1 -11.1 -12.7 -7.0 -8.0 -6.2
Ice melt/freeze -12.6 -11.1 -12.0 -6.9 -8.5 -6.1
Snow removed -11.9 -10.6 -8.8 -7.5 -5.7 -6.2
Permeable dry -10.4 -10.1 -10.8 -4.9 -10.6 -5.8
Permeable snow -13.5 -10.9 -8.2 -7.4 -4.9 -7.4
LSD 0.05 1.43 1.40 ‡ 1.12 4.26 0.22
† Minimum temperatures are not necessarily recorded during the same day or time.
‡ Not significant.
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CHAPTER 3. SURFACE THERMAL VARIATIONS IN CREEPING
BENTGRASS PUTTING GREENS UNDER VARIOUS FIELD CONDITIONS
Abstract
Direct injury to creeping bentgrass under freezing temperatures can occur at very
low temperatures or due to long term exposure to subfreezing non-lethal temperatures.
Scarce information on thermal protection is available that compares the common
protection practices in golf course greens in Iowa. We were interested in determining if
common management practices of golf course superintendents offer any level of thermal
protection in terms of peak, mean or cumulative temperature for golf course greens. Also,
we wanted to identify if a relationship exist between thermal variations during winter
with the level of recovery of creeping bentgrass in spring. This study was conducted at
Iowa State University (ISU) Veenker Memorial Golf Course, in Ames Iowa. The species
evaluated was Creeping bentgrass (Agrostis stolonifera L). Ten possible winter scenarios;
dry/open, wet, ice continuous, snow continuous, impermeable artificial cover and ice
continuous, ice removal, ice/melt freeze, snow removal/melt freeze, an artificial
permeable turf cover, and artificial permeable turf cover with snow, were created on
research greens in January, February and March of 2003, 2004, and 2005. Hourly
temperatures were registered through the length of the study. Growing degree days and
stress degree days were calculated with temperature data. Dry weight yield produced by
samples collected in the field and grown on controlled chambers was used to indicate the
amount of winter injury. As accumulative units, SDD 0°C had larger mean separation
than any of the temperature variables; as such it was a better descriptor of intensity or risk
of damage than temperatures alone. Golf course superintendents already track
temperatures as a normal procedure. The little effort of adding SDD calculations to their
data forms may provide bases to understand differences in survival observations. In the
north central region of the United States, the use of artificial covers combined with snow
blankets provided the best insulation and therefore the best condition for turf survival and
early spring turf quality.
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INTRODUCTION
Direct injury to creeping bentgrass (Agrostis stolonifera L.) and annual bluegrass
(Poa annua L.) can be caused by extreme low temperatures (Tompkins et al, 2004). But
even when low temperatures extremes are not common, long term exposure to
subfreezing temperatures have been proven lethal (Dionne, 2000). Temperatures in the
North Central Region of the USA may not average the low levels of northern regions but
isolated extreme low temperatures are possible. According to Iowa Mesonet (2007),
during the last 20 years, air temperatures in Iowa have reached below -20°C and -30°C in
188 and 6 occasions respectively.
Natural and artificial barriers benefit crops by thermal insulation or by offering a
barrier to desiccation or ice encasement (Leep et al, 2001). In turfgrasses, particularly
during years of severe desiccation, the benefit of artificial covers has been evident
(Johnston and Golob, 1997). In temperate regions, insulated artificial covers or the
mixture of natural insulation and plastic mulches have been effective combinations to
reduce low extremes and diurnal variations of temperature (Leep et al, 2001). In most
occasions protective covers and natural barriers decrease winter injury, but negative
effects of artificial covers have been reported as well (Badra, 1999).
Thermal properties of protective barriers can negatively affect turfgrasses in 3
ways. One, early placement, may decrease cold acclimation (Johnston and Golob, 1997;
Dionne 2000). Creeping and annual bluegrass require periods of exposure to near and
below freezing temperatures to achieve maximum freeze tolerance and tarps can decrease
this exposure (Dionne et al, 1999). Two, the microclimate under the barriers could
decrease the levels of freeze and drought tolerance of turves during winter. Greater loss
of cold hardiness in annual bluegrass was related to protective barriers with better
insulation, thus exposure to mild cold temperatures (Ross, 2001). Three, excessive plant
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growth under some barriers is cut off by initial mowing, exposing sensible parts of the
plant to the environment (Johnston and Golob, 1997).
Golf course superintendents have adopted the use of artificial covers in temperate
regions as a standard procedure. However there are reported cases where golf course
greens protected with artificial covers suffered greater winter damage than unprotected
ones. Likely in those cases, covers actually limited the permanence of snow cover, which
possesses a high insulation capacity (Vavrek, 2004).
Snow and ice covers are the most common natural barriers. Ice has considerably
less insulation capacity than snow (Leep et al., 2001). Ice protects from short term
variations in temperatures, but its low insulation characteristics limit long temporal
effects. Instead, high insulating properties of snow are the product of encapsulated air
between multiple snow flakes and the relatively high reflectance of solar radiation
(Roebber et al., 2003). Insulation capacity and reflectance are attributed to the depth,
density, morphology and patterns of accumulation of the snow (Namias, 1985). Baker et
al. (1991) determined a minimum depth of 7.5 cm of snow necessary to decrease albedo
to 70% on a covered sod surface. Leep et al. (2001) found that over 10 cm provide an
adequate insulation from cold temperatures to minimize winter injury in alfalfa. Dionne
et al. (1999) found that an average of 42 cm of snow were able to maintain surface
temperatures near 0°C; a seasonal snow layer of 6 cm in average had surface
temperatures ranging from -1 to -20.6°C depending of the presence of other insulating
materials. Snow covers are known to lose insulation properties over time, as snow flakes
bond and larger ice masses are formed with a consequent release of air capsules (Takei
and Maeno, 2001).
A great number of artificial barriers have been used, including straw, felt, wooden
frames, air pocket plastics, permeable and impermeable polyethylene covers with various
degrees of insulting characteristics (Badra, 1999). In an annual bluegrass study, minimum
soil temperatures at crown level were -1, -2, -6, -10, -15 and -17°C in plots covered with
straw, curled wood mat, air space, thick felt material, plastic covers and uncovered plots
respectively. In this study only treatments that had a minimum of -6°C or higher
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minimum temperatures showed a successful overwinter of annual bluegrass plants
(Dionne et al., 1999).
Artificial covers are also associated with faster green up in spring due to increased
temperatures. Johnston and Golob (1997) compared annual bluegrass plots covered with
spunbounded polyester cover and non-covered plots. Covered plots had maximum
surface and soil temperatures (at 2.5 and 7.5 cm soil depth) 5.5 and 4°C higher than non-
covered plots.
Variations in growth under artificial covers may also be due to other factors
besides temperature, such as moisture retention and light quality. Minner et al., (2001)
demonstrated that winter protection with colored tarps had a differential effect on growth
of Kentucky bluegrass (Poa pratensis L.) in the early part of spring. Results of this study
were correlated to increased light intensity and quality under the covers. Very low light
conditions may decrease survival of turf species. Winter wheat plants have failed to
acclimate when exposed to low temperatures if the process occurs in darkness (Limin and
Fowler, 1985), which may be explain why early placement of tarps has been related to
poor acclimation.
Caution should be exercise when evaluating covers. Immediate observations after
the removal of covers could mislead the real outcome. Protective barriers may give an
immediate healthy appearance of the turf after removal. However quality and survival
can decrease considerably in the following weeks. Mid and long term evaluation of turves
after removal of tarps should provide a better idea of the real outcome of the protective
barrier.
Peak minimum temperatures have been useful tools to predict injury on golf
course greens. Long term exposure to subfreezing non-lethal temperatures can affect
growth and morphology of cool-season grasses, as well (Bartholomew and Williams,
2005). Previous research that evaluated the thermal properties of different covers golf
course greens has focused on minimum temperatures, but references on cumulative low
temperatures are not available. Cumulative heat units can be described by growing
degree days (GDD) calculations (Moore and Moser, 1995).
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Growing degree days has been used to determine the initiation or finalization of
physiological changes (DiPaola and Beard, 1992). Also, they have been used to describe
growth curves of cool-season grasses under cold temperatures (Valverde and Minner,
2007). Danneberger and Turgeon (1985) presented a modification in the calculation of
normal growing degree days to describe risk of heat stress on Kentucky bluegrass,
creeping bentgrass (Agrostis stolonifera L.) and annual bluegrass (Poa annua L.).
Iowa winters could present isolated events of extreme cold temperatures. The
objective of this research was to determine if common management practices of golf
course superintendents offer any level of thermal protection in terms of peak, mean or
cumulative temperature for golf course greens. Also, we wanted to determine if a
relationship exists between thermal variations during winter and the level of recovery of
creeping bentgrass in spring. In this study, calculations based on GDD formulas were
used to obtain cumulative negative heat units associated with various winter scenarios.
MATERIALS AND METHODS
Ten simulated winter conditions (Table 1) were created during January, February
and March of 2003, 2004 and 2005 in a research green in Central Iowa USA. The
research green was composed of 100% ‘Penncross’ creeping bentgrass that was growing
on a native soil at the Iowa State University Veenker Memorial Golf Course for 2 years.
During the 3 months preceding the trial, both greens receive a total of 15 and 10 g
m
-2
 of N and K respectively. Greens grade fertilizer and liquid fertilizer were used
simultaneously to provide uniform nutrition. Artificial irrigation was maintained during
the growing season. The last artificial irrigation was performed in late November every
year. The research green was mowed at 3.3 mm.
This study followed a randomized complete block design with ten treatment and 3
replications for a total of 30 plots. Each plot measured 3.3 by 3.3m. In 2003, 15 cm metal
borders were forced 5 cm into the ground around each plot. Some leakage occurred when
plots with snow or ice melted in spring. In 2004, an Eagle Interface plastic liner of 30 cm
wide (commonly used to separate the sand root zone from the surrounding soil during
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putting green construction), was trenched and buried 25 cm below the surface to separate
and contain each plot Leakage was reduced but not eliminated. In 2005, an impermeable
plastic barrier was pressed 15 cm into the ground using a metal jig and no leakage
occurred.
Control dry treatments required a complete removal of ice, water or snow within
24 hours of the climatic event. Wet treatments required 1-2 mm of water during periods
of above freezing temperatures to avoid ice formation. Snow and ice were artificially
applied to plots during periods when it did not occur naturally. Snow was transported
from a local ski resort. On 3 Jan., 2003 artificial snow has brought to provide a minimum
of 10 cm of packed snow for treatments designated snow-continuous and snow-removed.
The artificial snow had an initial density of 260 g L-1 by the time it was carried and
placed in corresponding treatment plots. No other period or year required artificial snow.
Ice was made by placing 7 to 13 mm of water on the plot area and allowing it to freeze;
ice was made at a rate of 25 mm per day to a maximum of 100 mm. Permeable/dry
treatments were obtained by placing a woven translucent polyethylene cover. To maintain
a dry plot, snow or ice were removed. Permeable/snow treatments were managed with an
additional permeable cover that was installed before snow events. Impermeable/ice
treatments were obtained by placing an impermeable polyethylene cover onto the soil
surface and 100 mm of water were allowed to freeze as in ice treatments.
A pneumatic hammer jack and a bluebird vertical mower were used for treatments
requiring ice removal. Permeable and impermeable covers were placed simultaneously to
the onset of ice and snow treatments.
A day before removing treatments, two core samples per plot were collected and
recovered in a growth chamber at 25/20°C day/night at 250µmol m-2s-1 for 28 days to
determine the recuperative capacity. A 51 by 51mm diameter bulk density hammer was
used when soil was not completely frozen. After the recovery period, the plugs were
clipped at a height of 5 mm and clippings were collected, dried, and weighed. Field plots
were visually evaluated for turf quality, 10=best, 1=worst, and 6= lowest acceptable
quality. Soil temperature was measured at 13mm below the soil/thatch interface with
copper-constatan thermocouples (Omega Engineering Inc., Stamford, CT). Data was
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acquired by a multiplexer and connected to a CR10WP or CR23X micrologger
(Campbell Scientific Logan, UT). Temperature data was recorded every hour in all
treatments for the whole duration of the study.
A derivation of the GDD approach was used to measure cumulative negative
degrees on all treatments. Stress degree days were calculated by integrating average
hourly temperatures below 0°C (SDD 0°C), -5°C (SDD-5°C) and -10°C (SDD-10°C) on
a daily basis during the length of the study each year. Data analysis was generated using
PROC ANOVA of the SAS software, Version 8 of the SAS System for Windows (SAS
Institute, 1999). Means were separated ( = 0.05) by Fischer’s protected LSD (Fischer,
1966).
RESULTS
Temperatures
The average data from 1987 to 2006 (Table 2) shows that Iowa climate presents
139 days each year with minimum air temperatures below 0°C (Iowa Mesonet, 2007).
Furthermore, each year present at least 1 occasion where air temperatures reach -25°C.
Due to the nature of snow-removed and ice-removed treatments, two periods
during the study were established to evaluate thermal variations. The initial period (IP)
started immediately at placement of covers, snow and ice formation, and lasted 39 days in
2003 and 2005, and 48 days in 2004. The final period (FP) ranged from the end of the
initial period until 68, 77 and 73 days after treatment initiation (DAT) in 2003, 2004 and
2005 respectively. Each year the end of the winter treatments were defined by the melting
of the snow continuous treatment and the removal of the artificial covers.
The ANOVA for average, minimum and maximum daily temperatures registered
during the 3 years of study appear in Table 3. Temperature data was combined over
years. Treatment effect was significant in average, minimum, maximum daily
temperatures except for maximum temperatures during FP. Average and maximum daily
temperatures for dry and wet treatments were lower during IP than any other treatment.
All treatments containing snow were warmer than other treatments not containing snow
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during the same period. It is notable that, during FP, snow covered plots registered
average maximum temperatures in positive digits, unlike other treatments.
During FP, snow-continuous, impermeable-ice and permeable-snow treatments
had lower daily average temperatures than dry or permeable-dry treatments. Other
treatments had intermediate values. Colder minimum daily temperatures were recorded
on dry and wet treatments when compared to all other treatments except ice continuous
during IP. In the same period permeable-snow treatment had the highest minimum
temperature. During FP, snow continuous and impermeable-ice treatments had the lowest
minimum daily temperatures. Permeable-dry and dry treatments had the highest
minimum temperature during FP. The ANOVA of daily standard deviation of
temperatures showed less deviation in dry, wet, permeable-dry and permeable-snow
treatments.
Year effect was significant for all variables. During IP, average temperatures were
-3.13, -2.00 and -1.66°C for years 2003, 2004 and 2005, respectively. During FP, average
temperatures were -2.24, -0.20 and -1.09 for year 2003, 2004 and 2005 respectively.
There was treatment by year interaction in all 4 variables during IP, but no
interactions between year and treatment occurred during FP. The interaction during IP for
treatment by year occurred only as a change in magnitude with no change in order, i.e.
dry and wet treatments always registered the coldest temperatures (Table 3).
Growing Degree Days and Stress Degree Days
The total of growing degree days (base 0°C) was higher for snow containing
treatments during IP and it was lower for dry and wet treatments (Table 4). The total of
stress degree days (base 0 and -5°C) was higher for dry and wet treatments. Snow
containing treatments accrued the least amount of SDD. Snow covered plots accumulated
only 50% of SDD compared to dry or wet treatments. During FP, snow-continuous,
impermeable-ice and permeable-snow treatments accrued the greatest amount of SDD
0°C. Also during FP, ice-continuous, snow-continuous and impermeable-ice treatments
accumulated the most SDD-5°C, while permeable-dry, snow-removal and permeable-dry
accrued the least amount. In general, there was a very small quantity of SDD-10°C in all
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treatments. Averaging 3 years, dry and wet treatments accumulated -0.52 and -0.76 SDD-
10°C during IP. The treatments that accrued the least amount of SDD-10°C were snow-
removal, impermeable-ice, permeable-dry and permeable-snow.
Year 2004 had the highest GDD 0°C during FP (40.46). Year 2003 had the
greatest amount of SDD 0°C (129.9) followed by 2004 (98.4) and 2005 (48.3). There was
treatment by year interaction in all GDD and SDD calculations during IP, but no
interactions between year and treatment occurred during FP. The interaction during IP for
treatment by year occurred only as a change in magnitude with no change in order. I.e. 
during IP, snow treatments accrued the least amount of SDD 0°C and SDD-5°C all years.
Quality and Growth of Creeping Bentgrass
Visual quality ratings of creeping bentgrass treatments plots appear in Table 5. In
2003, 75 DAT, snow-continuous treatment showed the best quality. Worst quality was
observed in dry and ice-continuous treatment plots. Other treatments had an intermediate
quality (impermeable-ice, ice removal, and permeable-snow treatments were not
evaluated). In 2004, 78 DAT, best quality was observed in impermeable-ice, permeable-
dry and permeable-snow treatments. Worst quality during that year appeared on dry, wet,
ice-continuous, ice-removal and ice-melt-freeze treatments. Permeable-snow treatment
had better quality than snow-continuous treatment. In 2005, 81 DAT, best quality was
observed on impermeable-ice, permeable-dry, and permeable-snow treatments. Snow-
continuous and snow-removal had and intermediate quality. All other treatments had low
and unacceptable quality.
Dry weight clipping yields appear in Table 5. In 2003, 77 DAT, snow-removal
and permeable-snow treatment had higher biomass production than all other treatments.
In the same year, dry treatment cores yielded the least amount of biomass. In 2004,
permeable-snow and ice-continuous produced more biomass and dry treatment the least.
In 2005, wet, dry, ice melt-freeze and permeable-dry treatment plots produced more
biomass than other treatment plots. Less biomass was produced on impermeable-ice and
ice-removal plots
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DISCUSSION AND CONCLUSIONS
In this study the magnitude of the differences in average temperature was small
compared to other studies (Johnston and Golob, 1997; Dionne et al, 1999). Strong
discrimination of treatments based on thermal properties could not be achieved due to
relative mild winters. However some patterns emerged after the 3 years of the study. The
highly significant results of the analysis of variance for 13 out 16 temperature affected
variables is indicative that common winter practices play an important role defining the
conditions at which golf course greens overwinter.
During early parts of the winter snow covered plots offer near 2°C of protection
compared to uncovered plots. Even a small difference of 2°C can be discriminatory for
the survival of plants under freezing temperatures (Andrews and Pomeroy, 1989). In later
stages of winter, the pattern is inverted and snow covered plots actually keep golf greens
surface colder. The implication of this is two fold. One, usually colder temperatures occur
during early stages of winter; higher insulation in this period will decrease the risk of
winter injury due to direct temperature damage (Dionne, 2000). Two, colder temperatures
in late winter o early spring, decrease the risk of losing acclimation and freeze tolerance
or even break dormancy (Ross, 2003). 
The minimum required snow cover was not evaluated. However, evidence that a
combination of permeable cover and snow provided better insulation and better turf
quality that snow alone suggests that deeper snow layers could yield greater protection.
Dionne (2000) mentioned that artificial covers are still needed in conditions of shallow
snow layers for adequate insulation. Petrov et al. (2005) and Rochette et al. (2006)
approximated the depth of snow to provide maximum insulation to at least 20 cm.
Ice layers did provide some level of insulation. However despite being 10 cm
thick, insulation was marginal and the risk associated with ice damage (Hamilton 2001;
Tompkins et al., 2004) do not justify the use of ice as a barrier for temperatures.
Exposed treatments including permeable-dry treatments were colder during the
initial part of winter. During the length of this study, air temperatures fell below -20°C on
a couple of occasions. At these temperatures some level of direct injury by low
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temperatures is already expected. In colder climates, these exposed treatments are likely
to present the most serious injuries by intracellular ice formation.
It is believed that treatments with better insulation would have less temperature
variation than exposed treatments (Beard 1973). Daily temperature deviations calculated
in this study does not support that assumption. In fact, less daily variations were observed
in exposed treatments. Reasons for this behavior are unknown. It is possible that stored
soil heat may cause fluctuations in insulated treatments. Evidence of stored heat in the
subsurface was evident in early parts of the winter under snow treatments as above
freezing temperatures were registered.
Although a direct relationship did not exist between better insulation and better
quality or biomass production, snow covered plots never yielded the least quality.
Instead, snow covered plots were related in various occasions to better quality or greater
biomass yield.
Impermeable-ice treatment did not show any outstanding behavior in terms of
thermal properties; however plots with impermeable covers had the best quality ratings.
This suggests that other factors besides temperature (possibly moisture and light intensity
and quality) are important defining the performance of turfgrasses as indicated by other
studies done with plastic mulches (Tarara, 2000). Performance of creeping bentgrass in
terms of quality ratings was not reflected in biomass production.
Although temperature differences were marginal, the information obtained on
stress degree days indicated that greens without any protective layer suffer almost twice
the amount of stress degrees that snow covered plots. Under more severe conditions than
the ones experienced in north central region of the United States, larger differences are
expected in SDD particularly SDD-10°C.
As accumulative units, SDD 0°C had larger mean separation than any of the
temperature variables; as such it was a better descriptor of intensity or risk of damage
than temperatures alone. Golf course superintendents already track temperatures as a
normal procedure. The little effort of adding SDD calculations to their data forms may
provide bases to understand differences in survival observations.
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Further research should focus on emerging technologies such as high and low
reflective mulches and infra-red trapping (IRT) mulches.
In Iowa, the use of artificial covers combined with snow blanket provided the best
insulation and therefore the best condition for turf survival and better spring turf quality.
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Table 1. Simulated winter conditions and dates of application for ten different winter
treatments applied on ‘Penncross’ creeping bentgrass in Ames, Ia from 2003 to 2005.
Treatments were applied to a different area of the research green each year.
Simulated winter
conditions
Winter Spring Treatment Description Treatment Duration †, ‡
1. Dry/Open Dry Dry No cover, no ice, no snow - turf subject
to desiccation
2003 10 Jan to 20 Mar
2004 6 Jan to 23 Mar
2005 1 Jan to 14 Mar
2. Wet Wet Wet Turf hydrated no surface ice 2003 10 Jan to 20 Mar
2004 6 Jan to 23 Mar
2005 1 Jan to 14 Mar
3. Ice continuous Ice Ice Extended ice cover for 90 days 2003 10 Jan to 18 Mar (66).
2004 6 Jan to 12 Mar (67).
2005 1 Jan to 20 Feb (32)¶.
4. Snow
continuous
Snow Snow Extended snow cover 90 days 2003 10 Jan to 18 Mar (66).
2004 6 Jan to 16 Mar (71).
2005 1 Jan to 6 Mar (65)
5.Impermeable +
ice
Ice Ice remove White impermeable cover (Impermeable)
designed to prevent plant hydration and
ice encasement. Four inches of ice over
cover.
2003 10 Jan to 18 Feb (39).
2004 6 Jan to 23 Feb (48)
§. 2005 1 Jan to 25 Jan
(25)¶,#
6. Ice removal Ice Ice remove Ice removed after 60 days of ice
formation
2003 10 Jan to 18 Feb (39).
2004 6 Jan to 23 Feb (48).
2005 1 Jan to 25 Jan (25).
7. Ice melt/freeze Ice Melt/freeze Natural melt/freeze cycle applied in the
spring
2003 10 Jan to 18 Feb (39).
2004 6 Jan to 23 Feb (48).
2005 1 Jan to 25 Jan (25).
8. Snow removal Snow Melt/freeze Snow removed after 60 days of winter 2003 10 Jan to 20 Mar (68).
2004 6 Jan to 23 Feb (48).
2005 1 Jan to 8 Feb (39).
9. Permeable Dry Dry Dry Permeable turf cover - ice/snow
removed
2003 10 Jan to 20 Mar (68).
2004 6 Jan to 23 Mar (77).
2005 1 Jan to 14 Mar (73).
10. Permeable +
Snow
Snow Snow Permeable turf cover - ice/snow present
90 days
2003 10 Jan to 18 Mar (66).
2004 6 Jan to 16 Mar (71)§.
2005 1 Jan to 6 Mar (65)#
†Start date for winter treatments and application of snow or ice.
‡ Indicates end of winter treatments. Tarps removed or ice and snow naturally melted from the plot area.
§ Permeable or impermeable covers removed 23 Mar. 2004.
¶ Warm temperatures prevented continuous ice on plots. Ice not present from 25 Jan. to 8 Feb. and 14 Feb. to 19 Feb.
# Covers removed 14 Mar.
( ) Number of days the actual treatment was in place.
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Table 2. Number of events below various low air temperature thresholds recorded in
central Iowa from January 1987 to December 2006 (Iowa Mesonet, 2007).
Year Threshold (°C)
1987 to 2006 0 -5 -10 -15 -20 -25 -30
Number of events under threshold†
Total 2792 1607 839 427 188 37 6
Yearly average 139.6 80.4 42.0 21.4 9.4 1.9 0.3
† Several events during one day were counted as one.
Table 3. ANOVA and treatment mean separation for average temperatures calculated from daily average, daily maximum,
daily minimum and daily standard deviation. Data analyzed for the initial period until early ice and snow removals and final
period until complete removal of treatments during 2003, 2004 and 2005. Ames, IA.
Source Period
Initial † Final ‡ Initial Final Initial Final Initial Final
Daily temperature
Average Maximum Minimum Std. Deviation
P>F
Treatment (T) 0.0001 0.0004 0.0001 0.1853 0.0001 0.0001 0.0001 0.0368
Replication 0.2461 0.7111 0.1996 0.3671 0.1084 0.1958 0.0698 0.0480
Year (Y) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
TxY 0.0001 0.1670 0.0001 0.4018 0.0001 0.1506 0.0001 0.3821
Treatments °C
Dry (control)
-3.20 -0.08 -1.15 2.65 -5.35 -2.64 1.29 1.54
Wet
-3.12 -0.36 -1.23 2.55 -5.35 -2.99 1.26 1.65
Ice continuous
-2.50 -0.38 -0.52 2.91 -5.00 -3.43 1.40 1.98
Snow continuous
-1.67 -0.77 0.20 2.33 -4.21 -4.01 1.40 1.99
Impermeable/ice
-2.13 -0.93 -0.25 1.91 -4.61 -4.02 1.34 1.83
Ice removal
-2.24 -0.45 -0.22 2.45 -4.81 -3.01 1.44 1.66
Ice melt/freeze
-2.21 -0.67 -0.35 1.82 -4.59 -3.40 1.35 1.61
Snow removal
-1.59 -0.43 0.17 1.99 -4.17 -3.35 1.37 1.68
Permeable dry
-2.51 0.36 -0.63 3.29 -4.67 -2.44 1.23 1.70
Permeable snow
-1.47 -0.77 0.21 2.12 -3.75 -3.61 1.24 1.80
LSD 0.05 0.40 0.49 0.33 - 0.41 0.39 0.06 0.30
†Initial period: 2003 10 Jan. to 18 Feb. (39); 2004 6 Jan. to 23 Feb. (48); 2005 1 Jan. to 8 Feb. (39).
‡Final period: 2003 19 Feb. to 20 Mar. (29); 2004 24 Feb. to 23 Mar. (28); 2005 9 Feb. to 14 Mar. (34).
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Table 4. ANOVA and treatment mean separation for growing degree days (base 0°C) and stress degree days (base 0,-5, and -
10°C). Data analyzed for the initial period until early ice and snow removals and final period until complete removal of
treatments, during 2003, 2004 and 2005. Ames, IA.
Source Period
Initial † Final ‡ Initial Final Initial Final Initial Final
GDD SDD
0°C 0°C -5°C -10°C
P>F
Treatment (T) 0.0001 0.1386 0.0001 0.0001 0.0001 0.0019 0.0001 0.1424
Replication 0.0791 0.2739 0.1062 0.1770 0.0985 0.0089 0.0647 0.3356
Year (Y ) 0.5477 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
TxY 0.0001 0.0843 0.0001 0.1221 0.0001 0.0348 0.0001 0.1066
Treatments Degree units
Dry (control) 2.83 25.87 -123.25 -27.98 -17.36 -2.25 -0.52 -0.03
Wet 3.83 24.49 -121.29 -33.56 -17.32 -3.60 -0.76 -0.06
Ice continuous 4.09 27.10 -96.16 -36.66 -10.97 -4.17 -0.32 -0.18
Snow continuous 7.70 22.50 -72.88 -42.96 -7.77 -4.85 -0.29 -0.24
Impermeable/ice 4.93 18.13 -85.69 -42.30 -8.01 -4.30 -0.16 -0.13
Ice removal 4.19 22.76 -92.95 -34.90 -10.35 -3.92 -0.46 -0.19
Ice melt/freeze 5.94 20.21 -90.53 -37.40 -8.57 -3.81 -0.25 -0.07
Snow removal 7.54 24.12 -70.99 -33.67 -5.41 -2.56 -0.14 -0.03
Permeable dry 3.99 32.63 -99.37 -23.16 -8.89 -2.33 -0.16 0.00
Permeable snow 9.28 20.14 -68.58 -39.25 -4.71 -3.70 -0.19 -0.04
LSD 0.05 1.08 - 10.27 4.53 3.63 1.27 0.24 -
†Initial period: 2003 10 Jan. to 18 Feb (39); 2004 6 Jan. to 23 Feb. (48); 2005 1 Jan. to 8 Feb. (39).
‡Final period: 2003 19 Feb. to 20 Mar. (29); 2004 24 Feb to 23 Mar. (28); 2005 9 Feb to 14 Mar. (34).
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Table 5. Turf quality following winter treatments and dry weight clipping yield
recovered in ‘Penncross’ creeping bentgrass from 23.8 cm2 core samples following 28
days in a growth chamber at 25/20°C day/night, during 2003, 2004 and 2005. Ames, IA.
Treatments Year
2003 2004 2005 2003 2004 2005
DAT
75 78 81 77 71 73
Quality † Dry weight (g)
Dry (control) 2.7 1.0 1.8 0.38 0.80 0.76
Wet 4.0 4.3 1.8 0.58 0.92 0.78
Ice continuous 2.7 4.0 1.5 0.54 1.23 0.58
Snow continuous 5.0 5.3 2.8 0.52 0.98 0.64
Impermeable/ice ‡ 9.7 6.3 0.46 ‡ 0.54
Ice removal 3.0 4.3 1.7 0.49 1.04 0.55
Ice melt/freeze ‡ 4.3 1.7 0.57 0.99 0.74
Snow removal 4.3 6.0 3.0 0.69 1.12 0.61
Permeable dry 4.0 7.7 6.0 0.52 1.07 0.72
Permeable snow ‡ 8.3 6.0 0.63 1.21 0.60
LSD 0.05 0.8 1.3 1.0 0.16 0.19 0.08
† Quality scale 1-9; 1=worst, 6= minimum acceptable
‡ Not available.
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CHAPTER 4. GENERAL CONCLUSIONS
CONCLUSIONS
The focus of this study was to provide golf course superintendents with an overall
understanding of winterkill cases in the North Central Region of United States. The most
common field conditions and the management practices associated with them were
compared in terms of relative damage. In this chapter, data and observations obtained
during the three years of study will be related to findings of other researchers.
Most of the research done on winter conditions concludes that membrane
disruption is the single most lethal factor causing winterkill. Very low temperatures or
extreme dehydration could occur in the northern USA and Canada at levels that cause
membrane disruption. However, a combination of factors such as plant desiccation,
cellular dehydration, and water influx at plant and cell level could be a fatal combination
at temperatures slightly below freezing. This study indicates that there is not a single
factor that can be designated as the solely determinant of winter damage in Iowa. Any
single treatment tested had at least one year where damage did not occur or the intensity
of damage was less than other treatments. Because of the diverse sources of damage, a
single approach will not solve it. This high diversity would also be responsible that
different golf courses or different greens in close proximity may experience different
injuries or no damage at all in the same winter.
Creeping Bentgrass
Creeping bentgrass is with no doubt a freeze tolerant species. No treatment or
condition caused winterkill, not even in localized or spotted zones. Exposed areas such as
those under dry or wet conditions and without artificial covers were partially affected in
terms of biomass production, but total death of plants was not observed. Differences in
visual quality between dry and wet treatments suggested that the exposed treatments were
subject to desiccation and the added water may have slightly improved the condition of
the plant. However desiccation was not the only factor affecting exposed treatments. Both
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wet and dry treatments accrued more stress degree days than any other treatments and at
very similar levels. Although it is recognized than creeping bentgrass can sustain very
low temperatures without serious damage, it has also been proven that the rate of de-
acclimation of creeping bentgrass is faster than annual bluegrass. At some periods, its
freeze tolerance could be less than annual bluegrass tolerance (Tompkins et al., 2000). In
2003 and 2004 creeping bentgrass on dry exposed conditions produced less biomass than
other treatments after 60 DAT. It is possible that the longer and higher exposure to low
temperatures, in combination with a decrease in cold tolerance, affected exposed creeping
bentgrass in later stages of winter.
In contrast, treatments that offered a better visual quality at the end of the winter
period were those that had a better protection such as impermeable-ice, permeable-snow,
and snow treatments. However, the visual results did not necessarily mirror on those
results of biomass production. The most logical reason for this, is that those treatments
that provided good insulation for temperatures (reflected on lower amount of stress
degree days) were able to decrease risk of injury even on leaf tissue and not only at
crown level. Biomass production is associated with the health of the crown (Singh et al,
1987). Instead, quality is mostly associated with the health and appearance of the leaves.
This is expected as turf crowns are better protected to survive winter and they are usually
the last tissues to experience ice formation (Stier et al., 2003). Similarly, those treatments
that exposed creeping bentgrass to ice encasement showed considerably worst
appearance, but biomass was not particularly affected. Ice encasement likely induced
multiple nucleation points in the less tolerant leaf tissue.
The risk of ice encasement can decrease by eliminating concave areas within
putting greens, by increasing drainage or by use of impermeable covers. A divergence of
ideas has been raised about the two previous concepts. In one, it seems beneficial
accumulating the greatest amount of snow as an insulating barrier. In the other, it may be
necessary to remove the snow to decrease the risk of it turning into ice and causing ice
encasement. According to Andrews (1996), one of the least damaging types of ice is the
one formed from snow after melting or recrystallization. Multiple air channels occurred
in this type of ice and the risk of anoxia, or the increase of hydrostatic pressure is little.
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Instead, the risk of encasement by flooding, which is considered the most damaging type
of encasement, may be related to poor drained conditions were water can remain for long
periods. Water that remains above freezing for a long period of time allows gasses to
escape and causes dense, clear ice layers (Ross, 2003). Another factor to consider, for
which this study can not provide any argument, is the depth of ice encasement. Other
research has indicated that the winter injury is associated with the depth of the ice layer
(Andres and Pomeroy 1975). Based on that idea, it would take 20 cm of a snow layer to
create 2-3 cm of ice layer, as snow densities are usually less than 10-15% of solid ice
(Roebber et al, 2003).
Annual Bluegrass
Many researchers have focused on selectively eliminating annual bluegrass from
creeping bentgrass putting greens. The results of this study suggest that winterkill would
represent a natural way to achieve such control, at least partially. During this study,
annual bluegrass populations suffered a reduction in all treatments, when compared
before and after the winter period. Some treatments had a small decline in population, but
others almost completely eliminated annual bluegrass from the study area.
The use of an impermeable barrier in annual bluegrass was sufficient to decrease
the injury level and to protect from ice encasement. The benefit of impermeable covers
was so strong, that the population of annual bluegrass in this treatment was among the
highest during spring evaluations. Additional evidence that relates winter damage to ice
encasement is temperature data. Ice treatments were never the coldest or warmest nor
accrued the most stress degree days. If lethal temperatures are key to annual bluegrass
survival, exposed treatments would have shown the least biomass production, but that
was not the case. A clear decrease in biomass was observed even at the earliest
measurements on ice encasement treatments. As described in the first chapter multiple
factors can be responsible of injury under ice encasement. Some of the strong candidates
are cellular dehydration, multiple inductions of nucleation points, and tissue and organ
rupture (Pearce, 2001). This study was not designed to discriminate between those
mechanisms, a combination of which were likely present. As early as the damage was,
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the removal of ice did not provide any benefit. This raises the question whether earlier
removal of ice, maybe within 2, 5 and 10 days after ice encasement may be beneficial. If
the damage is caused by cellular dehydration, a trend should be observed as increased
damage correlates positively with increasing the length of exposure. Instead, if the
damage is related to a mechanical rupture, the damage should occur on initial
encasement. Then removing ice after 2 or 10 days should have small or no differences in
injury level.
Besides impermeable covers, snow blankets and the combination of snow and
permeable covers protected annual bluegrass considerably. As it might be the goal of
some limited budget golf courses to maintain a population of annual bluegrass, snow
fences and higher mowing height will increase the ability to capture snow, thus
decreasing the risk of winterkill.
For better understanding of winterkill, it would be important to relate the events
of injury in terms of location, size, and intensity with the ratio between populations of
creeping bentgrass and annual bluegrass. As indicated earlier, the two species can appear
similar and evenly distributed (Lush, 1988); only a close and meticulous observation can
define the real ratio. In a mixed community of annual bluegrass and creeping bentgrass,
the relative presence of them can shift the level of injury observed. Therefore, it is
possible that sections of a green with elevated number of annual bluegrass will show
severe winterkill, where other areas seem less affected independently of depressions of
the ground, exposure to winds or any protection practice. Following the same concept,
golf course superintendents that are concerned about winter injury and have both
turfgrasses in the same putting green should primarily focus on increasing the population
of creeping bentgrass before the onset of winter.
Winterkill should not always be considered detrimental. If control of annual
bluegrass is of interest, exposing a putting green to ice encasement and overseeding with
creeping bentgrass immediately after ice has melted in spring should provide a good
starting point for annual bluegrass control during the next year.
88
New Research and Recommendations
One of the reasons that causes confusion in results of winter injury, is the highly
variable and recombinant population of annual bluegrass. This study focused on a locally
established population of annual bluegrass. Large differences have been observed in other
ecotypes when comparing lethal temperatures. Continuing effort in field studies that
evaluate other ecotypes can provide a better understanding of annual bluegrass potential
and limitations. To conduct other studies, it may be ideal to select areas in the country
that are characterized by dry winters or extremely cold, or even by high snowfall
conditions.
Annual bluegrass originally considered a weed is turning into a major turf species.
Because one of its limitations has been poor performance under warm and dry conditions;
selection of cultivars has been partially aimed to drought tolerance. Those materials may
provide ecotypes that are also freeze tolerant, given the similarities between both
tolerance mechanisms.
Based on the evident damage under ice encasement, studies on hydrostatic
pressure (pressure that increases in water when ice forms under flooding conditions) and
ice nucleation deserve more attention. Also, it would be expected that a type of barrier
that separates water from the leaf tissue (e.g. artificial waxes) should provide some
degree of protection. Time of injury under ice encasement conditions should also be
studied with more detail. As it stands now, damage could have occurred anywhere within
the first 15 days of treatment.
Winterkill has been used to describe a great number of injuries that occur when
exposing putting green to subfreezing temperatures. The nature of such injuries is so
variable that not a single protective approach can guarantee the complete elimination of
winterkill. It is preferred to enter the winter season with plants that have been acclimated
properly and to provide the field conditions that have less probability of injury. Data
obtained in this study, supports the idea that prevention practices that minimize the high
risk conditions of ice formation and complete exposure should be the primary focus for
winter protection. Unfortunately, even if those recommendations are followed, winterkill
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still may occur. But what would a golf course superintendent do, if there would be no
problems?
FUTURE WORK
There is a wealth of scientific knowledge being released about winter injury, cold
and freeze tolerance in plants. New technologies – such as microscopic thermography, to
visually observe where ice forms (Stier et al. 2003), gene cloning and silencing, to
understand the role of genes and proteins in the protective mechanism of the plant
(Viswanathan et al. 2006) – are being used by researchers to provide more insights of the
physiology of winter injury. Even those efforts may not be enough; as other research
indicated, the batch of genes and proteins thus the mechanism of cold tolerance of a plant
species may vary from one winter to another (Vega.et al, 2000); and the major driven
cause of injury one year may not be the same the next one. There will be a continuous
need for field evaluations to determine if improvements in the laboratory bench are
translated into field gains.
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